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For many years now, structural engineers have researched different ways to improve 
the safety of humankind against earthquakes. Besides improving safety, they also 
investigate ways to develop earthquake-resilient buildings. In the world today, earthquakes 
are capable of causing tremendous damages. The majority of the earthquake events in 
Canada occur on the west coast of British Columbia and southeastern Canada (i.e. southern 
Quebec and southeastern Ontario). A mechanism that has been developed to counteract the 
motion of structures due to earthquake excitation is known as base isolation.  
In Canada, the National Building Code is used for the design and analysis of 
buildings. In this code, Part 9 provides a prescriptive method to design residential structures, 
which means an engineer is not required. Furthermore, Part 9 does not have any provisions 
to design a base isolated structure. Whereas, Part 4 has extensive provisions that require 
engineering input and testing. In the United States, ASCE 7-16 is used to design and analyze 
structures. ASCE 7-16 provides guidelines for the design of a structure with base isolation 
including a simplified method known as the equivalent lateral force procedure. 
For base isolation to be widely applied in residential structures it is necessary to 
eliminate barriers such as the need for in-depth engineering. To eliminate the need for costly 
engineering, a simplified method appropriate for Part 9 of the NBCC is proposed. An online 
resource was developed using the equivalent lateral force procedure outlined in ASCE 7-16 
but following the NBCC provisions. The resource outputs all the key performance 
indicators, such as the maximum displacement, base shear, distribution of the forces, 
number of isolators, and the efficiency. To validate the online resource, time history 
analyses were done on eight model cases. These model cases were chosen to represent real-
life single-family homes that are commonly built. It was concluded that base isolation 
systems are beneficial for residential structures and that the developed online resource is a 
good representation of the design requirements for residential structures.  
More functionality (e.g. considering complex geometry and soil conditions) can be 
added to the online resource to expand the application. Detailed provisions also must be 
added to Part 9 of the NBCC to aid the user in the construction and installation of the system. 
Furthermore, manufacturers must develop isolation devices appropriate for residential 
structure and provide the specifications for the online program. Additional requirements are 
identified and explained. When base isolation is implemented in residential structures, it 
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𝐴𝐼 = area of an individual isolator  
𝐵𝑀 = numerical coefficient correcting for the effective damping of the isolation system 
𝐵𝑀𝑗 = damping coefficient at iteration 𝑗 
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𝑏𝑘 = y-intercept for the stiffness-displacement function of the isolation system 
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𝐶 = damping matrix 
𝐶𝑏 = basic roof snow load factor 
𝐶𝑉𝑥 = vertical distribution factor 
𝐶𝑜𝑉 = coefficient of variation 
𝑐1, 𝑐2, 𝑐3 = damping matrix terms for the structure 
𝑐𝑠, 𝑐𝑏 = damping coefficient of the structure and base isolation layer, respectively 
𝐷 = average storey load  
𝐷𝑀 = maximum displacement of the base isolator  
𝐷𝑀𝑗 = maximum displacement of the base isolator at iteration 𝑗  
𝑑𝑚𝑎𝑥 = manufacturer-provided maximum isolator displacement capacity  
𝐸𝑓𝑓 = efficiency of the isolate structure with respect to the fixed-base structure 
𝐹𝑎 = site coefficient (NBCC [1]) 
𝐹𝑥 = lateral seismic force induced at level 𝑥  
𝑓 = fundamental frequency  
𝑔 = acceleration due to gravity  
ℎ𝑖, ℎ𝑥 = heights above the isolation layer of level 𝑖 or 𝑥  
𝐼𝐸 = earthquake importance factor of the structure (NBCC [1]) 
𝐼𝑇 = isolator type 
𝐾 = stiffness matrix 
𝑘 = stiffness 
𝑘𝑏= stiffness of the base isolation layer 
𝑘𝐷= used to calculated the distribution of forces factor in the ASCE 7-16 [2]  
𝑘𝑀 = effective lateral stiffness of the base isolation layer at 𝐷𝑀  
𝑘𝑀𝑗 = effective lateral stiffness of the base isolation layer at 𝐷𝑀 at iteration 𝑗  




𝐿𝑚𝑖𝑛, 𝐿𝑚𝑎𝑥 =  minimum and maximum load of an individual isolator provided by the 
manufacturer  
𝑀 = mass matrix 
𝑚 = mass of one storey  
𝑚𝑎 = slope of the adapted ASCE 7-16 [2]  equation in accordance with the NBCC [1] 
𝑚𝑏 = mass of the isolation layer 
𝑚𝑘 = slope of the stiffness-displacement function for the isolation layer 
𝑚𝑇 = slope of the displacement-period function 
𝑁 = number of isolators 
𝑁𝑚𝑖𝑛, 𝑁𝑚𝑎𝑥 = minimum and maximum number isolators, respectively 
𝑛 = number of storeys in the model structures 
𝑛𝑠 = average number of ground motions in all suites 
𝑅, 𝑅𝑑𝑅𝑜 =  numerical coefficient related to the type of seismic force resisting systems 
(NBCC [1]) 
𝑆𝑎 = design spectral acceleration from the NBCC [1]  
𝑆𝑎1 = design spectral acceleration with 5% equivalent viscous damping at a period of one 
second  
𝑆𝑖+1, 𝑆𝑖 = design spectral acceleration corresponding to NBCC [1] defined periods, 𝑇𝑖+1 
and 𝑇𝑖   
𝑆𝑀 = 5% damped spectral acceleration at 𝐷𝑀 
𝑆𝑀1 = 5% spectral acceleration parameter at a 1-second period  
𝑆𝑟 = 1-in-50 year associated rain load  
𝑆𝑠 = 1-in-50 year ground snow load  
𝑆𝑇 = weight classification in the online resource 
𝑇 = period  
𝑇𝑎 = fundamental lateral period 
𝑇𝑓 = fundamental period of model structures under fixed-base conditions  
𝑇𝑖+1, 𝑇𝑖 = periods encompassing 𝑇𝑀  
𝑇𝐿 = long period transition period  
𝑇𝑀 = effective period of the seismically isolated structure at the maximum displacement  
𝑇𝑀𝑗 = effective period of the isolated structure at iteration 𝑗  
𝑇𝑀(𝑗+1) = effective period of the isolated structure at iteration 𝑗 + 1  




?̈?, ?̇?, 𝑢 = acceleration, velocity, and displacement of the structure in the equation of motion 
for a fixed-base structure, respectively 
𝑢𝑏 = absolute displacement of the base isolation layer  
𝑢𝑔 = absolute displacement of the ground 
?̈?𝑔 = acceleration of the ground motion in the equation of motion for fixed-base and base 
isolated structures 
𝑢𝑠 = absolute displacement of the structure 
𝑉𝑏 =base shear, minimum lateral force below the base level  
𝑉𝑠 = minimum lateral force above the base level  
𝑉𝑠𝑡 = total unreduced lateral seismic design factor or shear above the base level  
?̈?𝑏 , ?̇?𝑏 , 𝑣𝑏 = acceleration, velocity and displacement of the isolation system, respectively 
?̈?𝑠, ?̇?𝑠, 𝑣𝑠 = acceleration, velocity, and displacement of the structure, respectively 
𝑊 = total seismic weight of the structure 
𝑊𝑠 =  effective seismic weight of the structure above the isolation layer excluding the 
effective seismic weight of the base level  
𝑤𝑖, 𝑤𝑥 = portions of 𝑊𝑠 that is located at/or assigned to level 𝑖 or 𝑥 
𝑤𝑚𝑖𝑛, 𝑤𝑚𝑎𝑥 = minimum and maximum weight that an individual isolator can carry without 
changing the properties  
𝑥 = x-dimension of the model structure  
𝑦 = y-dimension of the model structure  
𝑧1 = height of one storey of the model structure  
𝛼 = mass proportional damping coefficient 
𝛽 = stiffness proportional damping coefficient 
𝜁 = damping of the isolation system 
𝜁𝑗 = damping of the isolation system at iteration 𝑗 
𝜁𝑠 =  damping of the fixed-base structure or base isolated structure used in Rayleigh’s 
damping matrix 
𝜄 = influence vector 
𝜆 = Eigenvalue 
𝜇 = mean  
𝜎 = standard deviation 
𝜔 = fundamental angular frequency of the system  




CHAPTER 1  
INTRODUCTION 
1.1 The Risk and Hazards of Earthquakes 
For many years now, structural engineers have researched different ways to improve the 
safety of humankind against earthquakes. Besides improving safety, they also investigate ways to 
develop earthquake-resilient buildings and bridges. In the world today, earthquakes are capable of 
causing tremendous damages. Worldwide, deadly earthquakes have claimed approximately one 
million lives in the past 100 years [3]. Areas of Canada, specifically British Columbia, and parts of 
Quebec and Eastern Ontario, see Figure 1-1, are at high risk due to their highly populated areas that 
coincide with high seismic hazards.  
 
Figure 1-1: Seismic hazard map of Canada [4] 
Each year there are approximately 4000 earthquakes per year detected in Canada with 
magnitude M3.0 to M8.0 [5]. The majority of the earthquake events occur on the west coast of 
British Columbia and southeastern Canada (i.e. southern Quebec and southeastern Ontario). Each 
event could result in socio-economic losses and most importantly, loss of life. The economic losses 
are often in the billions for large magnitude events [6]. The human losses range from no deaths to 
thousands of deaths depending on the event location. The National Building Code of Canada 




probability of exceedance in 50 years). Although this is seemingly a low probability, the 
consequences and large areas affected are considerable.  
If an earthquake occurs in Western Canada, it is typically strongly felt in and around the 
epicenter. On the other hand, studies show that Eastern Canadian earthquakes affect a larger area 
than a significant earthquake in Western Canada. The affected area in Eastern Canada is larger 
because Eastern Canada has different soil characteristics than Western Canada. Also, earthquakes 
in Western Canada, such as the coast of British Columbia, typically occur on a known fault line, 
whereas in Eastern Canada, earthquakes occur within a tectonic plate. This means that the 
mechanism of the earthquake is significantly different. 
1.1.1 Western Canada 
It is more common to have large earthquake events in Western Canada, specifically in British 
Columbia. This is because British Columbia is located near the Queen Charlotte fault which forms 
the boundary between the North American and Pacific Plates, and the Cascadia subduction zone. 
A subduction zone is a fault line where one plate is gradually being forced underneath another 
plate. The earthquake happens when the under plate moves deeper and forces the upper plate to 
move. In the Cascadia subduction zone, the Juan de Fuca plate is moving underneath the North 
American plate. The Queen Charlotte fault can be described as comparable to the United States’ 
well known San Andreas fault, which is located in California.  
One of the worst earthquakes that has devastated the west coast of Canada was the 1700 
Cascadia Earthquake [7]. This event was estimated as a M9 earthquake. This earthquake produced 
tremendous tsunamis due to the intense shaking; which means that the earthquake was most likely 
a subduction event. It destroyed villages and claimed numerous lives on Vancouver Island. There 
is no currency value for the damage caused by this earthquake, but a similar earthquake that 
occurred in Kobe, Japan, in 1996 was estimated to cost $200 billion CAD in damages [7]. The 
Insurance Bureau of Canada [6] conducted a model of a M9.0 earthquake occurring in British 
Columbia to describe the likely damages and cost. It was estimated that the event would result in 
$62 billion CAD in direct losses. Direct losses are those that directly influence the economy such 
as business and road damage. Whereas, indirect losses were estimated to be close to $21 billion 
CAD [6]. This model was not considered a worst-case scenario. 
1.1.2 Eastern Canada 
Eastern Canada experiences approximately 450 earthquakes each year [8]. Of these 450 




be up to three major events that have a M5 or greater. The Eastern Charlevoix Crustal region is an 
example of a highly active seismic zone in Eastern Canada [8]. An estimated M7.1 earthquake 
occurred in this area in early February 1663 [6]. This particular earthquake and aftershocks were 
felt in various other locations away from the epicenter (the point on the surface directly above the 
rupture) including what is now Ontario, Quebec, New Brunswick, and Nova Scotia and parts of the 
United States such as Boston, Massachusetts, and New England [9]. Earthquakes in Eastern Canada 
affect much larger areas than earthquakes in Western Canada. For example, the 1925 earthquake 
in Eastern Charlevoix was reported to be felt in Virginia and North Carolina. Swiss Re [10] 
simulated a “catastrophe” model of a M7.1 earthquake in the Charlevoix region. The model 
suggested that a repeat of a high magnitude earthquake can cause an estimated loss of $11 billion 
CAD [10] in private residential property as well as utility disruptions, communication system 
damages, and transportation disruptions.  
1.1.3 Residential Structures 
The NBCC [1] has nine individual parts that all have different applications. Part 9 of the 
NBCC [1] applies to all buildings of three storeys or less and with a building area not exceeding 
600 m2 [1]. When residential structures are discussed, Part 9 typically applies (e.g. single dwelling 
units). Whereas, if the structure is more than three storeys in height or exceed 600 m2, Part 4 of the 
NBCC must be used. In Part 4, to design for earthquake loads, one of two methods can be used. 
For complex or irregular structures, in-depth dynamic analysis based on historical earthquake 
events is conducted. Otherwise, the NBCC [1] provides a simplified method to calculate the 
earthquake loads in any region of Canada in Part 4.  
A majority of the older single-dwelling homes in Canada are masonry buildings. This is 
significant because masonry has very limited ductility and therefore makes the building more 
susceptible to severe structural damage and even collapse during a large earthquake. Newer homes 
built in Canada are almost exclusively light-frame wood. However, wood is regarded as being 
inherently resistant to earthquakes [11]. This is because wood-framed houses have low mass 
combined with the ability to deform inelastically without inducing collapse [11]. Even though 
wood-framed homes will not typically collapse during an earthquake, they remain susceptible to a 
considerable amount of structural damage that is expensive to repair.  
Past historical earthquakes highlight the importance of consideration of seismic loads in 
residential structure design. In the 1994 Northridge, California, earthquake (M6.7), fatalities due to 
residential structure collapse and residential structure damages were reported. Out of about 60 




wood-framed residential structure where most of the persons were located on the first storey. 
Jampole [12] reported that more than 130,000 families had been displaced from their homes after 
this earthquake occurred. The Canterbury 2010 and 2011 earthquakes in Christchurch, New 
Zealand, resulted in many structural failures and damages. After these earthquakes occurred, almost 
all of the masonry structures suffered damage or complete failure [13]. The majority of the damage 
to residential structures, almost 10,000 homes [14], was due to intense ground shaking, but also 
landslides, rockslides, and liquefaction. Another global earthquake was the M7.0 Haiti earthquake 
in 2010. Almost 73% of the building inventory in Port-au-Prince are one storey residential 
structures, and almost all of these had been damaged by the earthquake, attributed to not having 
proper earthquake resistant design [15]. A damage survey revealed that about 28% of the buildings 
in the downtown of Port-au-Prince had collapsed and about 33% were damaged enough to require 
intensive repairs [15].   
1.2 Objectives 
It is evident that residential structures are susceptible to significant damage in earthquake 
events, resulting in people being displaced from their homes or potential injury and loss of life, as 
described in Section 1.1.3. For many years now damping systems have been installed in many 
buildings around to world to safeguard structures from strong ground motion during earthquakes 
[16]. In addition to damping systems, base isolation methods are widely researched and applied to 
protect infrastructure. Base isolation is a modern approach to seismic design that decouples the 
structure from the earthquake ground motion by introducing a flexible layer to the structure, usually 
at the foundation [17]. This mechanism is effective in protecting the structure and the contents from 
damage and the occupants from harm even during significant earthquake events. Despite being 
developed over 50 years, base isolation has thus far mainly been used on high importance and post-
disaster structures [18]. Research is being conducted to implement base isolation technology in 
single-family residential structures. The NBCC [1] does not directly give specific requirements or 
guidelines for the installation of base isolators in residential structures. The provisions that are 
included require significant engineering and would be very costly for a residential home, often 
making base isolation impractical or perceived as impractical. Other guidelines, such as the 
American Society of Civil Engineers (ASCE 7-16) [2], provide simplified approaches applicable 
in specific situations while still requiring an engineer to complete and certify the design. Currently, 
Part 9 of Division B of the NBCC [1], which covers the design of residential homes up to three 
storeys and 600 m2, does not require an engineer certification. The objective of this research is to 




under the provisions of Part 9 of the NBCC [1] can be undertaken without comprehensive 
engineering. The methodology is evaluated with a simulation of simple residential structures and 
standard isolators. To perform the simulation, residential structure specifications were assumed 





CHAPTER 2  
LITERATURE REVIEW 
2.1 How Base Isolation Works 
Base isolation is an effective approach to limit or eliminate the damage that can occur during 
an earthquake. The principle of base isolation is to decouple the structure from the ground motion 
in the event of an earthquake through the use of low horizontal stiffness bearings [17], known as 
isolators. This provides the structure with a fundamental frequency that is lower than the frequency 
of an equivalent fixed-based structure [17]. The primary purpose of the isolation system is to 
lengthen the period of the structure. Therefore, on the response spectrum, the fundamental period 
of the fixed-based structure is shifted to the right to a longer period, see Figure 2-1, where the 
effects of an earthquake are often less severe. Typically, the fundamental period is lengthened to at 
least 1-2 s, although this is highly dependent on the specific situation being considered. The 
isolation system allows the structure to move ideally as a rigid body above the isolation system. 
The isolation layer deflects the earthquake energy through the dynamics of the structure rather than 
absorbing the energy as with other energy dissipation devices [17].  
 
Figure 2-1: Typical response spectrum illustrating the period shift due to base isolation 
Base isolation is typically installed in structures where there is a high earthquake hazard. 
During an earthquake event, a fixed-based structure has a more significant response than that of a 




dangerous when a large earthquake event occurs because the horizontal storey drift can be 
substantial. The horizontal storey drift (or interstorey drift) is associated with damage and possible 
catastrophic collapse of the structure.  
Figure 2-2 (a) and (b) display general mode shapes that would be expected during earthquake 
excitation of a fixed-base and base isolated structure, respectively. In both cases, the first mode 
typically dominates the response of the structure (although usually moreso in the base isolated 
structure). In a fixed-base structure, the first mode has large interstorey drifts. In the first mode of 
a base isolated structure, the majority of the displacement is concentrated at the isolation layer. In 
addition, the rest of the structure in the first mode is essentially shifting as one element on top of 
the isolation layer (i.e. rigid body). Furthermore, in the second mode, a horizontal storey drift 
develops but is often very small and insignificant.  
 
(a)  (b)  
Figure 2-2: (a) Fixed-base structure and (b) base isolated structure typical mode shapes 
Derham et al. [19] explored the fundamental design objectives for isolators. Derham et al. 
[19] suggest that for base isolation to successfully protect structures against earthquakes, the 
isolators must: 
1. support the load of the structure itself and have a high vertical stiffness; 
2. have a low horizontal natural frequency, so the building does not respond to the 
destructive components of the earthquake; and, 
3. have sufficient damping to limit translational movement to an acceptable level.  
2.2 Types of Isolators 
2.2.1 Elastomeric Bearings 
The first modern bearing used in base isolation was an unreinforced natural rubber bearing 
attached to the structure and foundation by an adhesive. This system was installed in the Pestalozzi 




design not being applied in future buildings. There was a notable problem that under the weight of 
the structure there was significant bulging and the horizontal and vertical stiffness was nearly the 
same which caused the isolator to bounce and sway in rocking modes during an earthquake [17]. 
After other researchers discovered these complications, a new design of the rubber bearing was 
established. A French engineer, Eugène Freyssinet, had the idea of using thin steel plates as 
reinforcement in the rubber. This is because he had recognized that the “vertical capacity of a rubber 
bearing was inversely proportional to its thickness, while its horizontal flexibility was directly 
proportional to the thickness” [17]. The new design incorporated horizontal layers of reinforcement 
in between the natural rubber layers to increase the vertical stiffness without hindering the 
horizontal stiffness. By introducing reinforcement, the isolators remain relatively flexible in the 
horizontal direction and have a high vertical stiffness which addressed the complications in the 
original rubber bearing design. With the introduction of thin steel or fiber reinforcement, the 
vertical stiffness would be different to that of the horizontal stiffness. The increase in vertical 
stiffness is due to the reinforcement restraint on the lateral bulging that occurs when the weight of 
the building is placed on the bearing.  
Buildings that have incorporated the base isolation technique with rubber bearings have to 
consider long-term effects on the rubber itself. A main long-term effect is the process of ageing due 
to exposure to environmental elements (e.g. ozone, heat, oxygen, sunlight, humidity, etc.). The 
ageing process, in turn, can cause stiffening, decrease elongation before failure, and decrease tensile 
strength. Casciati [20] explored the isolator’s behaviour after ageing by comparing two specimens, 
a new one and a 10-year old specimen. Also, Chou and Huang [21] had investigated the effects of 
thermal ageing on neoprene rubber bearings.  
In more recent years, researchers have found solutions to the short- (e.g. bulging) and long-
term (e.g. ageing) complications with isolators. As mentioned above, Eugène Freyssinet was the 
first researcher to develop a new design for the isolator. This new design incorporated steel 
reinforcement in layers between the rubber. Initially, steel reinforcement was almost exclusively 
used. In the past few decades, fiber reinforcement was introduced as an attractive alternative [22]. 
New designs for reinforcement were introduced to address limitations with the common steel 
reinforcement and improve performance. Conventional steel reinforcement increases the weight, 
cost, and manufacturing process time [23]. Introducing fiber reinforcement improves the 
characteristics of the bearings. Fiber reinforcement provides a similar elastic stiffness as steel 
reinforcement to maintain a high vertical stiffness [22]. With this new design, the bearing is capable 
of adaptive characteristics. Adaptive characteristics refer to the changing stiffness that the bearing 




bearing exhibits high horizontal stiffness and under design earthquake loads, the horizontal stiffness 
is low. Essentially, under low loads, such as wind loads and service level earthquakes, the building 
does not move noticeably and become uncomfortable for the occupants. At design level 
earthquakes, the stiffness decreases and the structure benefits from isolation. Beyond the design 
level earthquake, the bearing has a high horizontal stiffness to ensure that the structure does not 
move too far during the earthquake event (i.e. a self-restraint mechanism). 
Another possible problem that can occur with steel reinforcement is that the sharp edges of 
the steel plates can damage the elastomer and become exposed. If the steel is exposed, it is 
susceptible to rusting. As the steel rusts, the stiffness it provides decreases. This problem can be 
resolved with the use of fiber reinforcement [25]. Fiber reinforcement is a composition of strands 
that are woven together that does not have any sharp edges that can break through the rubber and 
cannot rust when exposed to external elements.  
With steel reinforcement, square and circular isolators are more readily made than other 
shapes [22], but with the introduction of fiber reinforcement, it is possible to make long rectangular 
strips, from which the desired individual isolators could be cut to the required sizes and shapes. 
Whereas, the long rectangular strip isolators may be beneficial in residential structures. This is 
because when conventional square and circular isolators are installed under load-bearing walls in 
the residential structure, a rigid diaphragm is necessary to carry the load from isolator to isolator. 
On the other hand, with a rectangular strip isolator, the entire load of the wall can be supported 
directly by the isolator. The rectangular strip isolators are beneficial in both new construction, but 
especially in retrofitting of residential structures [22]. 
2.2.2 Sliding Bearings 
Friction sliding isolation systems utilize friction to limit the transmission of energy and 
dissipate the horizontal motions of the structure during an earthquake. The simplest friction base 
isolation device is a pure-friction slider without any resorting force [26]. When these bearings are 
constructed, the surfaces are commonly Teflon or stainless steel. This simple form applies the 
Coulomb friction theory to quantify the friction force exerted between the two dry surfaces. 
However, the design process may be complicated because the frictional characteristics depend on 
many different factors such as the temperature, velocity of motion, surface wear, fatigue, etc [26]. 
The most utilized friction sliding isolators is the friction pendulum, shown in Figure 2-3 (a). 
The basic concept of the friction pendulum isolator is the sliding movement of the articulated slider 
on a concave surface which generates restoring forces that are created by the geometry of the system 




the case of ground motion, the articulated slider translates in the dish and dissipates the energy 
induced by the earthquake, yet self-centers due to the gravitational pull of the slider to the lowest 
point of the concave surface.  
 
Figure 2-3: a) Friction pendulum bearing and b) triple friction pendulum bearing 
Another very common sliding bearing is the triple friction pendulum (TFP) bearing. A TFP 
bearing consists of three stacked friction sliding surfaces of different sizes see Figure 2-3(b). In a 
typical TFP bearing, as the displacement of the structure increases the surfaces on which sliding 
occurs changes and therefore softening behaviour is experienced [27]. An advantage of utilizing 
TFP bearings is that they exhibit desirable changes in stiffness and damping with increasing 
amplitudes of displacement (i.e. adaptive characteristics, as described in Section 2.2.1). 
Conventional friction pendulum bearings can be used for any displacement, but this is dependent 
on the size of the bearing. For very large displacements the friction pendulum bearing will be very 
large as the radius must be large enough to accommodate the displacement. On the other hand, the 
size of the TFP is much smaller because the displacement can be shared among the four concave 
surfaces stacked concentrically. An additional advantage of being able to work with many sliding 
surfaces is a potential reduction in isolation displacement demands and/or the reduction in demands 
of force and acceleration in comparison to the conventional friction pendulum sliding bearing [28]. 
2.3 Examples of Base Isolation 
Around the world, various structures are equipped with elastomeric base isolation systems. 
Japan is recognized as the primary location that large earthquakes occur in the world. For Japan, it 
is of utmost priority to design structures to resist the powerful horizontal motions that occur during 
earthquakes. In Japan, the number of buildings and houses that are protected by base isolation was 
about 6,600 in 2011 and approximately 8,000 in 2013, demonstrating a substantial growth over two 
years [16]. The construction of base isolated structures has increased since then and the growth has 
continued. Implementation of the technology becomes more popular after each major earthquake 
event due to the favourable performance of a base isolated structure compared to conventional 




In North America, specifically the United States, numerous structures have been equipped 
with this technology. Apple Park, completed in April 2017, is the corporate headquarters for Apple 
Inc., in Cupertino, California. When this building was constructed, the engineers decided to include 
base isolation because California is widely known to produce large magnitude earthquakes. 
Therefore, this structure was constructed on about 700 base isolators [29]. Due to this, the building 
can move about 1.4 meters in any direction during an earthquake which reduces the amount of 
damage the structure will experience.  
The Hearst Memorial Mining Building is located on the campus at the University of 
California, Berkeley. This structure is registered as a historic place by the National Register of 
Historic Places. Unfortunately, this building was built in 1907 and was constructed near some of 
the most extensive fault lines in California, more specifically the Hayward Fault. Following the 
Loma Prieta earthquake in 1989, the building was re-evaluated for seismic safety [30]. This re-
evaluation identified many seismic deficiencies that had to be addressed. In 1994, it was decided 
that the best option to increase seismic safety would be to retrofit the building with base isolators. 
The isolation system that was chosen was elastomeric bearings. Base isolation technology is 
commonly applied to historical buildings as a retrofit technique since it is relatively non-intrusive 
and protects otherwise irreplaceable structures [30]. 
The Golden Gate Bridge in San Francisco, California uses base isolation. The Golden Gate 
Bridge had also experienced the 1989 Loma Prieta earthquake, which prompted the retrofit for 
seismic protection. After extensive studies on the bridge, it was decided to retrofit the approach 
superstructure with elastomeric bearings. In Canada, the Granville Island Bridge in Vancouver is 
an example of one of the many bridges that are constructed on a base isolation system.  
The only building that is base isolated in Canada is the Lord Strathcona Elementary School 
in Vancouver. Before the decision to base isolate this structure was made, many studies had to be 
done. The result was that the structure was in a high-risk state. This means that in the event of a 
large magnitude earthquake near Vancouver, the school would be heavily damaged. The Vancouver 
Board of Education decided to seismically upgrade the building with base isolation [31]. This 
structure includes 12 elastomeric bearings and 18 slider isolators that are predicted to move laterally 
250 mm at the isolation layer [31]. 
The exact number of base isolated structures in the world is unknown as no official tally is 
kept. However, the number of base isolated structures continues to grow as the advantages of the 
technology becomes recognized. Unfortunately, recognition of the benefits is often associated with 
large damaging earthquakes where conventional fixed-base structures perform poorly in 




CHAPTER 3  
SEISMIC ISOLATION STANDARD REQUIREMENTS 
3.1 United States Seismic Requirements 
The American Society of Civil Engineers (ASCE) developed a standard to provide guidelines 
for various structural analysis and design of structures. This standard is the “Minimum Design 
Loads and Associated Criteria for Buildings and Other Structures” or ASCE 7-16 [2]. The ASCE 
7-16 [2] provides guidelines for the design of both a fixed-based and base isolated structures. It 
provides a simplified method, the equivalent lateral force procedure, and a more in-depth 
procedure, the dynamic analysis procedure.  
3.1.1 Response Spectrum 
In the design of a structure for an earthquake, a response spectrum for the site location must 
be developed first. In ASCE 7-16 [2], the response spectrum is a combination of different equations 
as shown in Figure 3-1. ASCE 7-16 has a similar procedure in determining the design response 
spectrum as the National Building Code of Canada (NBCC) [1]. The ASCE 7-16 design spectrum 
clearly defines where constant acceleration, velocity, and displacement occur (fundamental 
characteristics of a response spectrum), and the shape of the design spectrum is based on these 
assumptions. The flat section of the acceleration response spectrum in Figure 3-1 indicates constant 












and represents the constant displacement section. As per the ASCE 7-16 [2], 𝑆𝑎1 is defined as the 
design spectral response acceleration with 5% equivalent viscous damping (often referred to simply 
as damping) at a period of one second, 𝑆𝑎 is the design spectral acceleration, 𝑇 is the period, and 






Figure 3-1: Acceleration response spectrum as per ASCE 7-16 
3.1.2 Fixed-Base Structure 
Once a response spectrum is developed, either the equivalent lateral force procedure or linear 
dynamic analysis can be used to calculate the fundamental design parameters. The equivalent 
lateral force (ELF) procedure can be found in ASCE 7-16 Clause 12.8 [2]. In this section, variables 
such as base shear, fundamental period, etc., can be calculated for the ease of structure design. To 
use the ELF procedure, ASCE 7-16 provides requirements in Clause 12.6 and Table 12.6-1 [2]. 
Table 12.6-1 provides a seismic design category (acquired from Clause 11.6) and structural 
characteristics and which analysis procedures are permitted. For example, for a structure that is 
considered a B in the seismic design category, all possible analyses can be used. ASCE 7-16 [2] 
suggests that a structure should include complete lateral and vertical resisting systems that are 
capable of resisting the loads that are calculated from the design earthquake. A complete list of 
these resisting systems can be found in ASCE 7-16 Table 12.2-1[2]. On the other hand, the linear 
dynamic analysis procedure provides the guidelines for the design of a structure by using modelling 
software. This method can be more accurate for more intensive designs and required for irregular 
geometries.  
3.1.3 Base Isolated Structure 
Chapter 17 from ASCE 7-16 [2], applies for a base isolated structure. Furthermore, ASCE 
7-16 [2] gives four procedures that can be used, the equivalent lateral force procedure, the dynamic 
analysis procedure, the response spectrum analysis procedure, and the response history analysis 
procedure. The simplest method that ASCE 7-16 [2] provides is the equivalent lateral force 




provides all the parameters that are needed to do a simple design for a base isolated structure. The 
other three procedures require modelling software to carry out. ASCE 7-16 [2] provides restrictive 
requirements to use the equivalent lateral force procedure for base isolated structures. These 
requirements are available in Clause 17.4.1. Some of the requirements include: 
1) The structure is located on Site Class A, B, C, or D soil. 
2) The effective period of the isolated structure at the maximum displacement is less than or 
equal to five seconds. 
3) The structure above the isolation interface is less than or equal to four storeys in structural 
height measured from the base level.  
4) The effective damping of the isolation system at the maximum displacement is less than or 
equal to 30%. 
5) The effective period of the isolated structure is greater than three times the elastic, fixed-
base period of the structure above the isolation system, determined using a rational modal 
analysis. 
6) The structure above the isolation system does not have a structural irregularity. 
7) The isolation system meets all the following criteria: 
a. The effective stiffness of the isolation system at the maximum displacement is 
greater than one-third of the effective stiffness at 20% of the maximum 
displacement. 
b. The isolation system is capable of producing a restoring force. 
c. The isolation system does not limit maximum earthquake displacement to less than 
the total maximum displacement. [2] 
3.2 Canadian Seismic Requirements 
The National Research Council of Canada has developed the National Building of Canada 
(NBCC) [1] for the design of structures, including small and residential structures. Similar to the 
ASCE 7-16 [2], the NBCC [1] provides both a simplified method, the equivalent static force 
procedure, and an in-depth procedure, the dynamic analysis procedure, for fixed-base structures. 
However, for base isolated structures, the NBCC [1] does not provide any procedures for the 




3.2.1 Response Spectrum 
Similar to ASCE 7-16 [2], the NBCC [1] also requires a response spectrum to be developed 
in order to design a structure for earthquakes. The NBCC [1] design response spectrum is a series 
of linear sections shown in Figure 3-2. The points of the response spectrum are defined based on 
selected periods (e.g. 0.2 s, 0.5 s, 1.0 s, and 2.0 s) and the amplitude is determined by using Clause 
4.1.8.4(9) from the NBCC [1]. The spectral accelerations in the NBCC [1] have been obtained 
through ground motion prediction equations and selected to form a uniform hazard spectrum (i.e. 
each point has the same probability of occurrence, 2% in 50 years or a 2475 year return period). 
Subsequently, the NBCC [1] values are corrected for the site class (i.e. geotechnical 
characteristics).  
 
Figure 3-2: Acceleration response spectrum as per the NBCC 
The NBCC [1] provides a list of lateral force resisting systems and their specifications in 
Table 4.1.8.9 [1]. Furthermore, the NBCC [1] provides two procedures to design a structure for 
earthquakes, an equivalent static force procedure and a dynamic analysis procedure. The equivalent 
static procedure provides equations for all the fundamental parameters needed for the design. 
Whereas, the dynamic analysis procedure requires to use software to calculate values and the 
guidelines and restrictions for the design are available in the building code.  
3.2.2 Fixed-Based Structure 
Once a response spectrum is developed, either the equivalent static force procedure or linear 
dynamic analysis can be used to calculate the fundamental design parameters. The equivalent static 
force procedure can be found in the NBCC Clause 4.1.8.11 [1]. In this section, variables such as 
the minimum lateral earthquake design force and the total lateral earthquake design force can be 




outlines requirements in Clause 4.1.8.7. Any structure that does not apply to these provisions can 
be analyzed using the linear dynamic analysis procedure. These requirements are: 
1) The design spectral acceleration at a period of 0.2 s, 𝐼𝐸𝐹𝑎𝑆𝑎(0.2), is less than 0.35. 
2) Regular structures that are less than 60 m in height and have a fundamental period, 𝑇𝑎, 
less than two seconds in each of the two orthogonal directions as defined in Clause 
4.1.8.8. 
3) Structures that have structural irregularity, of Type 1, 2, 3, 4, 5, 6, or 8 as defined in 
Table 4.1.8.6, that are less than 20 m in height and have a fundamental lateral period, 
𝑇𝑎, less than 0.5 s in each orthogonal direction as defined in Clause 4.1.8.8. [1] 
3.2.3 Base Isolated Structure 
For a base isolated structure, the NBCC [1] does not provide a simplified method or a 
complex method for the required design of the structure or isolation system. However, the NBCC 
[1] provides ten seismic isolation design provisions that outline fundamental system characteristics. 
Some of the fundamental provisions from Clause 4.1.8.20 [1] are: 
1) The fundamental period of the isolated structure shall be greater than three times the 
fundamental period of the fixed-based structure. 
2) The force-deformation and damping characteristics of the isolation system that are 
going to be used must be validated by testing at least two full-size specimens of each 
predominant type and size of the isolator. 
3) A diaphragm or horizontal structural element has to provide continuity immediately 
above the isolation layer to transmit forces due to non-uniform ground motions. 
4) The isolation system, including wind-restraint systems, shall limit lateral displacement 
due to wind loads across the isolation layer to a value equal to that required for the 
least storey height [1]. 
These provisions provide no calculations to design the structure for base isolation systems 
or to determine the loads. Unlike Part 4 of the NBCC [1], Part 9 does not provide any design 
provisions or instructions for base isolated structures, and therefore only Part 4 can be used. 
Although, the provisions provided in Part 4 are quite limited. Furthermore, the provisions in Part 4 
require an engineer to complete the design and verify that the structure would be safe. This is 





The NBCC [1] and ASCE 7-16 [2] use similar equations and procedures for earthquake 
design of a structure. Each standard provides guidelines on the procedure to develop the design 
response spectrum for any given location. The shapes of these response spectrums are similar but, 
the NBCC [1] has a more linear approach. In addition, both standards have an equivalent lateral 
force procedure; equivalent lateral force procedure in the ASCE 7-16 [2] and the equivalent static 
force procedure in the NBCC [1], in determining fundamental parameters for a fixed-base structure. 
Additionally, guidelines and procedures for a dynamic analysis are also provided by both standards. 
Both standards often require the user to use computer software to analyze their fixed-base structure 
under earthquake loads.  
Although the NBCC [1] provides general guidelines to design a base isolated structure, it 
does not provide a simplified method to design or install base isolation technology with ease. On 
the other hand, the NBCC [1] requires users to test all isolators prior to installation and they require 
a full dynamic analysis for this base isolated structure. Much of the design process and details are 
left to the discretion of the engineer. Whereas, the ASCE 7-16 [2] provides a simplified approach 





CHAPTER 4  
DEVELOPMENT OF AN ELF PROCEDURE FOR PART 9 
4.1 Development for the NBCC 
As discussed in Section 3.2, the NBCC [1] does not provide a simplified method of analysis 
and design for base isolation structure. The ELF procedure provided by the ASCE 7-16 [2] was 
used to develop equations and in accordance with Part 9 of the NBCC [1]. First, the derivation of 
the ASCE 7-16 [2] ELF procedure is presented. The procedure is then modified to the NBCC [1] 
requirements. Since a closed-form solution is desirable, simplifying assumptions are made to 
eliminate the need for iterations. 
4.2 Derivation of ASCE 7-16 ELF Procedure 
One of the key parameters considered in the design and implementation of base isolation 
systems is the maximum displacement. Knowing the maximum displacement is necessary to ensure 
that the structure has space to displace into during an earthquake. There must be enough clearance 
around the residential structure from relatively rigid objects, such as rocks, the foundation, and 
architectural or landscaping features. If there is not enough space, this would severely reduce the 
performance of the isolated structure or result in damaging impacts that generate large impulse 
loads. 






where g is the acceleration caused by gravity, 𝑆𝑀1 is the 5% spectral acceleration parameter at a 
one second period, 𝑇𝑀 is the effective period of the seismically isolated structure at the maximum 
displacement, 𝐷𝑀, and 𝐵𝑀 is the numerical coefficient correcting for the effective damping of the 
isolation system. Equation 4-1 is based on the ELF procedure and can be derived based on the 
assumed shape of the response spectrum, which differs from the NBCC [1]. Therefore, the equation 
for maximum displacement from ASCE 7-16 [2] must be modified to adapt it to the NBCC [1] 
prescribed response spectrum. 
To adapt the ASCE 7-16 [2] simplified methodology to determine the maximum 
displacement to the NBCC [1] design spectrum, the derivation of Eq. 4-1 must be understood and 




equations. For any earthquake, the relationship between the relative displacement and pseudo-






where 𝑆𝑀 is the 5% damped spectral pseudo-acceleration from the response spectrum at the period, 
𝑇𝑀 , and 𝜔 is the fundamental angular frequency of the system considered. For simplicity, the 























2  4-6 













to express their acceleration response spectrum between 𝑇𝑠 and 𝑇𝐿  (i.e. constant velocity regime), 
where 𝑇𝑠 refers to the period for short period sections and 𝑇𝐿 refers to the long-period transition 
period. Equation 4-7 can be simplified and the coefficient for effective damping for the isolation 
system, 𝐵𝑀, can be included. This coefficient corrects for the damping of the isolator itself, which 
can be much greater than the traditionally assumed 5% damping in fixed-base structures. ASCE 7-
16 provided values for 𝐵𝑀 are in Table 17-5-1 [2]. If the effective damping is more than 5%, the 
damping factor decreases the maximum displacement. Whereas, if the damping is less than 5%, the 






Thus, if the period and damping is known, the design displacement can be determined. ASCE 7-16 









where 𝑊 is the total seismic weight of the structure and 𝑘𝑀  is the lateral stiffness of the base 
isolation layer at 𝐷𝑀. The dependence of Eq. 4-9 on 𝑇𝑀 and Eq. 4-10 on 𝐷𝑀 (through 𝑘𝑀) implies 
that an iterative process is required to solve for these variables. Note that 𝑘𝑀 and 𝐵𝑀 in Eqs. 4-9 
and 4-10 are based on the properties of the base isolator that is chosen, which are often non-linear 
as a function of displacement. 
 Other parameters considered in the ELF procedure in ASCE 7-16 [2] are the minimum 
lateral force and the vertical distribution of the force to be applied to the structure for design. For 
the minimum lateral force, both below and above the isolation layer must be considered. Below the 
base isolation layer, the equation is: 
 
𝑉𝑏 = 𝑘𝑀𝐷𝑀 4-11 
where 𝑉𝑏 is the minimum lateral force below the base level, also known as base shear. The equation 






where 𝑉𝑠 is the minimum lateral force above the base level, 𝑉𝑠𝑡 is the total unreduced lateral seismic 
design force or shear above the base level, and 𝑅 is the numerical coefficient related to the type of 
seismic force resisting system above the isolation system. Additionally, to determine 𝑉𝑠𝑡: 
 






where 𝑊𝑠 is the effective seismic weight of the structure above the isolation layer excluding the 
effective seismic weight of the base level (i.e. the first storey right above the base isolation layer), 
whereas, 𝑊 is the total weight of the structure above the base isolation level, and 𝜁 is the effective 
damping of the system.  
The last main parameter that is considered in the ELF procedure is the vertical distribution 




















𝑘𝐷 = 14𝜁𝑇𝑓 4-17 
where 𝐹1 is the lateral seismic force induced at the base level, 𝐹𝑥 is the lateral seismic force induced 
a level x, 𝐶𝑉𝑥  is the vertical distribution factor, 𝑤𝑖, 𝑤𝑥  are portions of 𝑊𝑠  that is located at or 
assigned to level i or x, ℎ𝑖, ℎ𝑥 are the heights above the isolation layer of level i or x, and 𝑇𝑓 is the 
fundamental period of the structure above the isolation layer determined using a rational modal 
analysis assuming fixed-base conditions. Using this procedure important parameters can be 
calculated and used in the design of a base isolated structure. 
4.3 Adapting the ASCE 7-16 Procedure to the NBCC 
The NBCC [1] (or any other Canadian standard) does not provide a simplified method for 
determining design parameters for a base isolated structure. Therefore, the ELF procedure from 
ASCE 7-16 [2] was adapted using the NBCC [1] defined design response spectrum. To successfully 
adapt the ASCE 7-16 [2] procedure to the NBCC [1], all the equations have to be compatible with 
the terminology and assumptions in the NBCC [1]. In addition, in order to be incorporated into Part 
9 as a non-engineered solution, a closed-form solution is favourable over the iterative method that 
ASCE 7-16 [2] provides. To modify the ASCE 7-16 [2] procedure, a linear equivalent equation 
(i.e. 𝑦 = 𝑚𝑥 + 𝑏) had to be determined for 𝑆𝑀 based on the NBCC [1] response spectrum, which 
defines spectral accelerations for selected periods based on a uniform hazard analysis. 
 
Figure 4-1: Linear segmentation of the NBCC [1] response spectrum 
Using the two known values from the NBCC [1] design response spectrum, a linear slope 









where 𝑆𝑖+1 and 𝑆𝑖 are the design spectral accelerations corresponding to NBCC [1] defined periods 
𝑇𝑖+1 and 𝑇𝑖 respectively, that encompasses the effective period of the structure, 𝑇𝑀. 
With this slope, the intercept of the equation can be determined. Using Eq, 4-18 the general 





) 𝑇𝑀 + (𝑆𝑖+1 − (
𝑆𝑖+1 − 𝑆𝑖
𝑇𝑖+1 − 𝑇𝑖
) 𝑇𝑖+1) 4-19 
Knowing the linear equivalent expression for 𝑆𝑀, Eq. 4-19, it can be substituted into Eq. 4-9. The 













A limitation with Eq. 4-20 is that it is still iterative and not a closed-form solution. Both 𝐵𝑀 and 
𝑇𝑀 , which are functions of the selected isolation system damping and stiffness properties, 
respectively, are dependent on 𝐷𝑀. Therefore, further simplification is required. 
4.3.1 Effective Lateral Stiffness, kM 
 In reality, the effective lateral stiffness as a function of the displacement is non-linear, as 
illustrated in Figure 4-2 for an unbonded fiber-reinforced elastomeric bearing. If an expected 
displacement range is known, 𝑘𝑀 within this range can be assumed linear. Therefore, 𝑘𝑀 can be 
expressed as a linear function of 𝐷𝑀: 
 
𝑘𝑀 = 𝑚𝑘𝐷𝑀 + 𝑏𝑘 4-21 
where 𝑚𝑘  and 𝑏𝑘  are the slope and intercept of the stiffness function of the isolation system 





Figure 4-2: General relationship of the effective lateral stiffness as a function of displacement for an 
elastomeric bearing 
For brevity, Eq. 4-19 was simplified as: 
 
𝑆𝑀 = 𝑚𝑎𝑇𝑀 + 𝑏𝑎 4-22 
where 𝑏𝑎 is the y-intercept for the adapted linear equivalent equation. Substituting Eq. 4-21 into 
























A fifth-order polynomial does not have a known closed-form solution. Therefore, Eqs. 4-23 
and 4-24 were determined to be too complex, and further simplifications were made to reduce the 
order. Parts of the equation, such as the relationship between 𝑘𝑀 and 𝑇𝑀, and the damping factor, 
𝐵𝑀, were further investigated.  
4.3.2 Damping Factor, BM 
The damping factor, 𝐵𝑀, is dependent on the effective damping of the isolation system. It 
corrects for the damping provided by the isolator from the 5% damping assumed in the design 




with the stiffness, depends on the type and design of the isolation system. Although, in some cases, 
the damping is relatively constant, or linear, if the expected displacement range is known as 
illustrated in Figure 4-3. 
 
Figure 4-3: General relationship of the damping as a function of displacement for an elastomeric 
bearing 
 
Figure 4-4: Effective damping, 𝜁 and damping factor, BM 
Figure 4-4 shows 𝐵𝑀 as a function of the effective damping as defined by ASCE 7-16 [2]. It 
can be assumed that 𝐵𝑀 is constant if the variance in effective damping is very small over the 
expected displacement range. This can be assumed because between an expected displacement 
range, illustrated in Figure 4-3, the damping, 𝜁, is relatively unchanging. Therefore, the 𝐵𝑀 factor 
can be kept constant and would be recommended by the manufacturer of the isolation system. This 
simplification does not decrease the order of Eq. 4-24 but does prevent the complexity from 























4.3.3 Effective Period, TM 
The ASCE 7-16 [2] provides an equation for the effective period (i.e. Eq. 4-10) that is a 
function of 𝐷𝑀  through 𝑘𝑀 . First, the effective stiffness, 𝑘𝑀 , was further investigated and was 
assumed to be a linear function of 𝐷𝑀. This assumption results in Eq. 4-21 which was substituted 
into Eq. 4-10 to have 𝑇𝑀 as a direct function of 𝐷𝑀. Equation 4-10 was then substituted into Eq. 
4-20 to isolate for 𝐷𝑀. Note that the linearized function of 𝑘𝑀 would only be valid over a specified 
displacement range. 
Alternatively, to further simplify, the maximum displacement as a function of the effective 
period could be determined directly by linearizing Eq. 4-10. A general form for the relationship 
between the period, 𝑇𝑀, and the displacement, 𝐷𝑀, can be written as: 
 𝐷𝑀 = 𝑚𝑇𝑇𝑀 − 𝑏𝑇 4-25 
where  𝑚𝑇 and 𝑏𝑇 are the slope and intercept of the relationship between the displacement and 
period determined from experimental properties of the bearing. The fit of Eq. 4-25 is also a function 
of 𝑊, which means that functions would need to be available for a variety of values of 𝑊. Equation 











2 − 4𝜋2𝐵𝑀𝑚𝑇𝑇𝑀 + 4𝜋
2𝐵𝑀𝑏𝑇 = 0 4-27 
Thus, a third order closed-form equation has been obtained. The equation to solve a third-order 
function is [32]: 
 
𝑇𝑀 = {𝑞 + [𝑞










+ 𝑝 4-28 
where: 






𝑞 = 𝑝3 +
(𝑎2𝑎3 − 3𝑎1𝑎4)
6𝑎1






and 𝑎1 = 𝑚𝑔,𝑎2 = 𝑏𝑔 𝑎3 = 4𝜋






Part 9 of the NBCC [1] does not provide a simplified method to design a base isolated 
structure. The ASCE 7-16 [2] simplified method, known as the equivalent lateral force method, 
was adapted to the NBCC [1] requirements and the possibility of a closed-form solution was 
investigated. First, the spectral acceleration was adapted to the Canadian requirements. To simplify 
the solution, the effective lateral stiffness of the isolation system was considered and an equivalent 
linear function was determined. This was also done for the damping factor and the effective period. 
With these modifications a third order closed form equation was developed.  
Unfortunately, the process to obtain the solution remained too complex for the intended 
simplified application and alternatives were explored. Equation 4-27, the third order equation, is 
also only valid for a selected range of displacements where the experimental properties could be 
satisfactorily linearized, further increasing the complexity, likelihood for error, and limits the 
applicability. Therefore, a solution to this was explored which was to develop an online resource 





CHAPTER 5  
ONLINE RESOURCE METHODOLOGY  
5.1 Online Resource  
Although the derivation presented in Chapter 4 yielded a closed-form solution for the 
maximum displacement, the calculations required were deemed too complex and involved for the 
intended use in Part 9 of the NBCC [1]. Ultimately, the decision was made to develop an online 
resource that can be used by anyone. Currently, the Government of Canada has an online service 
that provides the design response spectrum for any given location in Canada [33]. A similar 
resource could be developed to provide prescriptive requirements and relevant information for 
seismic isolation, appropriate for use in conjunction with Part 9 of the NBCC [1]. This online 
service will output all the necessary information that an individual would need to design their home 
with a base isolation system using an iterative method similar to the ELF procedure in ASCE 7-16 
[2], adapted to the NBCC [1]. The service will require minimal technical understanding to utilize. 
The outputs are the maximum displacement, effective period, total lateral shear force, vertical 
distribution of the force, efficiency, and the number of isolators required. For application in Part 9 
of the NBCC [1], the maximum displacement and number of isolators are the primary parameter 
of interest. 
The information that the user must input are the dimensions of the structure, weight 
classification, type of isolator, and the location of the structure. Other parameters, such as the 
location of the walls, more complex geometry, site classification, and material properties, are not 
currently considered in the proposed online resource, and should be further investigated and 
potentially added to the resource in the future. This is discussed further in Chapter 7. The user will 
have a choice of pre-approved isolators that can be used for residential structures. As per 4.1.8.20(4) 
from the NBCC [1] at least two full-size specimen tests of each predominant type and size of 
isolator must be completed during the design phase to allow for the isolator to be used within a 
structure. Additionally, as per 4.1.8.20(5) the isolators that are used have to be tested prior to 
installation. With these provisions, manufacturers are required to test two specimens every time a 
new design for a base isolated structure is developed, in addition to testing prior to installation. 
This in turn is very expensive and prohibitive for most residential structures. Therefore, having pre-
approved isolators allows the manufacturers to reduce the testing requirements currently specified 




without additional tests beyond quality assurance. This methodology will save money due to 
economies of scale for application on residential structures as well as the reduced testing 
requirements.  
5.2 Methodology and Online Resource Development 
MATLab [34] was used to make a base program for the proposed online resource. The 
following is a step-by-step procedure that the program follows to output the maximum 
displacement and the number of isolators required for a specific structure. A flow chart is provided 
in Appendix A to visualize the process. In the flow chart, the subscripts i and j are the position on 
the location-specific response spectrum and what iteration the program is on to converge to a 
solution, respectively. The program code is also provided in Appendix B. The program is based on 
the ELF procedure outlined in ASCE 7-16 [2], adapted to the NBCC [1] response spectrum. It also 
includes several checks to ensure the general provisions currently included in the NBCC [1] for 
seismic isolation are satisfied. Currently, the software is limited to uniform prismatic structures 
where each storey has the same mass and stiffness. 
 
Step 1: All the known variables are identified. The user inputs the location, dimensions of the 
residential structure (x, y, and 𝑧1), the weight classification, 𝑆𝑇, the number of storeys, n, and the 
type of isolator, IT.  
The weight classification is either a normal weight or a heavy weight structure. These two 
terms were classified by the Canadian Wood Council (CWC) [35] as a design aid for Part 9 of the 
NBCC [1]. Under each definition, the CWC [35] gives limits of the dead load for floors, exterior 
walls, the roof, and partitions. Thus, the user can select a normal weight or heavy weight option 
which has default values or override and input their own value. Table 5-1 shows the weight limits 
for both the classifications. If the user selects heavy weight construction, the program uses the 
upper bound by default. 







Floor 0.5 kPa 0.5 – 1.5 kPa 
Roof 0.5 kPa 0.5 – 1.0 kPa 
Exterior Wall 0.32 kPa 0.32 – 1.2 kPa 





Based on the total plan area of the building and perimeter wall area the total weight can be 
determined. Note that the partition wall load is based on the floor area; it accounts for interior walls. 
Whereas, the exterior wall load is based on the exterior wall area. It is necessary to assume that the 
weight of each storey is the same, so an average storey load, 𝐷 (in kPa), can be determined and 
used for analysis, but the total weight is the same. The program uses the limits provided in Table 
5-1 to calculate the total weight of the structure. In addition to the self-weight of the structural 
components the total weight includes 25% of the snow load for the specific location. To calculate 
the snow load, the program uses parameters, including, the 1-in-50 year ground snow load, 𝑆𝑠, the 
1-in-50 year associated rain load, 𝑆𝑟, and the basic roof snow load factor, 𝐶𝑏 [1].  
The type of isolator is selected by the user from a list of pre-approved devices. For each 
isolator, the manufacturers would provide equations for the stiffness and damping as a function of 
displacement which the program will utilize. Additionally, other important variables are defined by 
the program, including the fundamental period of the fixed-base structure, 𝑇𝑓. The value of 𝑇𝑓, is 
assumed based on the typical period range of 0.1-0.3 s [36]. The user may input their own value 
for 𝑇𝑓, if known, otherwise the program will assume a value of 0.3 s by default. This is considered 
as the worst-case scenario because the force at the top level is larger. This is confirmed by Eqs. 
4-16 and 4-17, where the distribution factor at the top level is larger (i.e. higher overturning moment 
and storey shear) with a fundamental period of 0.3 s than 0.1 s. It should be taken into consideration 
that different structures will have different estimated fundamental periods (i.e. wood is around 0.2 
s or low- rise masonry is around 0.17 s [36]). The user should only input a fixed-base period if they 
have the necessary expertise. The period of the fixed-base structure is used to determine the 
effectiveness of the isolation system, as will be discussed. The fundamental period of the fixed-
base structure is also used to determine the distribution of the force on the structure.  
Additionally, the numerical coefficient related to the type of seismic force resisting systems, 
𝑅𝑑𝑅𝑜 is defined as one, which is a default by the program (in the program this term is 𝑅). The 
𝑅𝑑𝑅𝑜 factors account for the ductility and overstrength of the structure, respectively. The program 
defaults this value as one because this is the worst-case scenario assuming the structure has other 
or no seismic force resisting systems [1] (i.e. the structure is designed to remain elastic during the 
earthquake). 
 
Step 2: All required initialization variables are calculated. These variables include the total weight 
of the structure, 𝑊 and the weight that an individual isolator can carry vertically, provided by the 
manufacturer, without changing the isolator properties. Note, the lateral properties of an isolator 




of the structure, 𝑊, all of the storeys including the roof and floor supported above the isolation 
system must be considered. Therefore, to account for this the equation includes 𝑛 + 1, which 
includes the roof and floor above the isolation system.  
It is recommended that manufacturers provide a range of vertical loads that the device can 
carry without significant change in the properties (e.g. stiffness and damping). The range simplifies 
the calculations and increases the applicability of an individual device. This range is calculated by 
multiplying the maximum and minimum average stress that the isolator can carry, 𝐿𝑚𝑖𝑛 and 𝐿𝑚𝑎𝑥, 
by the area of the isolator, 𝐴𝐼, which yields 𝑤𝑚𝑖𝑛 and 𝑤𝑚𝑎𝑥, respectively. The range of the number 
of isolators, 𝑁𝑚𝑖𝑛 and 𝑁𝑚𝑎𝑥, that the structure can use is determined in accordance with the load 
range provided by the manufacturer. The maximum number of isolators is determined by dividing 
the total weight of the structure by the minimum weight that one isolator can support. Whereas, the 
minimum number of isolators is determined by dividing the total weight of the structure by the 
maximum weight of the isolator. Furthermore, a condition is set that the structure cannot have less 
than four isolators for stability considerations.  
 
Step 3: The program assumes the initial value for the damping coefficient, 𝐵𝑀𝑗, and the effective 
period, 𝑇𝑀𝑗, to provide a starting point for the subsequent iterations. The program initially assumes 
the minimum number of isolators (i.e. 𝑁 = 𝑁𝑚𝑖𝑛). 
 
Step 4: Based on the location of the structure within Canada, a site specific response spectrum could 
be retrieved by the program. The location-specific spectral accelerations for the base isolated 
structure is determined using linear interpolation. With the assumed effective period, 𝑇𝑀𝑗 , the 
variables 𝑇𝑖+1, and 𝑇𝑖 are found that encompass 𝑇𝑀𝑗 along with the corresponding values of 𝑆𝑖+1 
and 𝑆𝑖 . Therefore, the location-specific spectral acceleration at the effective period can be 
calculated using Eq. 4-19. Additionally, the fundamental location-specific acceleration for the 
fixed-base structure is also determined using linear interpolation. 
 
Step 5: The program calculates the maximum displacement, 𝐷𝑀𝑗, using Eq.4-20. 
 
Step 6: Expressions for 𝑘𝑀𝑗  and 𝜁𝑗  as a function of the displacement are provided by the 
manufacturer of the selected pre-approved isolator. The displacement calculated in Step 5 is then 
used to calculate the stiffness, 𝑘𝑀𝑗, and damping, 𝜁𝑗, using the manufacturer provided expressions. 





Step 7: With the calculated damping, 𝜁𝑗, a damping factor, 𝐵𝑀𝑗, is linearly interpolated. ASCE 7-
16 [2] provides the damping factors according to the effective damping of the isolator. Table 5-2 
displays the information from ASCE 7-16 [2]. Table 5-2 shows the damping factor, 𝐵𝑀based on 
the equivalent viscous damping of the isolation system. This factor corrects the NBCC [1] response 
spectrum from the assumed 5% to the higher (or lower) damping provided by the isolation system. 
Table 5-2: Damping Factor, BM [2] 
𝜁 (%) 𝐵𝑀  






≥ 50 2.0 
 
Step 8: A new effective period, 𝑇𝑀(𝑗+1), is calculated using Eq. 4-10. 
 
Step 9: Steps 4-8 are repeated, increasing the increment (i.e. 𝑗 = 𝑗 + 1 ) until the iterations 
converge. The convergence criteria is satisfied when the absolute difference 𝑇𝑀𝑗 and 𝑇𝑀(𝑗+1) is less 
than 0.001 s. This convergence criterion was found to result in negligible error with respect to 𝐷𝑀; 
no convergence issues were found in any scenario considered. Once the solution has been obtained, 
the program proceeds to Step 10.  
 
Step 10: The functions for the isolator stiffness and damping are nonlinear, thus, it is possible that 
the solution determined in Step 9 is not unique. To investigate this possibility, a scaling vector to 
modify the initial conditions is used to check for other solutions for the maximum displacement of 
the base-isolated structure. The scaling factor is applied to increase or decrease the converged 
period determined in Step 9 and repeats the iterations (Steps 3-9) with new initial conditions 
determined based on the scaled period (Step 10a).  
The program utilizes two multiples: 1.25 and 0.75, to reflect a 25% increase or decrease in 
the period. If each iteration based on different initial conditions converges to the same solution 
(repeating Step 4 to 9 with the new initial value of 𝑇𝑀𝑗 defined in Step 3), the solution is accepted 




and an error message is returned to the user. Based on the isolators considered, it is unlikely that 
multiple solutions exist within the displacement range considered.  
This check is important to ensure that the solution obtained is the true solution. If there are 
multiple answers, the program will not display any solution, as the solutions are not accepted. If 
this error occurs the user must consult an expert to conduct more intensive analysis to determine if 
the considered isolator is appropriate. Otherwise, the user can simply select an alternative isolation 
device to find a solution that is accepted. 
 
Step 11: If no error occurs, the program continues and does secondary checks. These secondary 
checks are in accordance with the NBCC [1] requirements as well as limitations imposed by the 
manufacturer of the device.  
a) The program verifies that the base isolated period is three times the fundamental period of the 
fixed-base structure (NBCC [1] requirement). This is to ensure that the structure is near rigid and 
that most of the lateral motion in the dominant first mode is within the isolation layer. Additionally, 
the effective period must be greater than or equal to one sec. If this is not satisfied an error message 
is returned to the user and no solution is provided.  
b) A check is also conducted to confirm the maximum displacement obtained is within the 
manufacturer provided maximum displacement, 𝑑𝑚𝑎𝑥, of the specific isolator considered. Each 
isolation device has a maximum displacement that it can be subjected to without failure; it is 
important to ensure that these limits are not exceeded. 
 
Step 12: Additional parameters are now calculated including the minimum lateral force (below and 
above the base isolation level) and the vertical distribution of the forces (at and above the base 
level). The program utilizes Eqs. 4-11 to 4-17 to calculate these parameters. These parameters are 
not strictly required to design a structure in accordance with Part 9 of the NBCC [1], but may be 
beneficial if the user requires more in-depth information. 
 
Step 13: Step 3 to 12 are repeated increasing the number of isolators used from the minimum to the 
maximum.  
 
Step 14: The program displays two graphs to summarize the results. The first is an efficiency plot 
where, efficiency, 𝐸𝑓𝑓, is defined as the reduction in spectral acceleration achieved by the base 
isolation system relative to an equivalent fixed-base structure. The second shows the maximum 




information calculated in Step 12, if desired) the user can decide on the number and type of isolator 
they would like to use. Typically, it is expected the user will choose the number and type of isolator 
based on the lowest price per isolator, and not based on how efficient the isolator is. However, it is 
possible that if the technology becomes more prevalent, insurance rates could be tied to the 
efficiency level to encourage better performing systems, or damage performance levels be 
developed that relate to the efficiency. The number of isolators for constructability considerations 
may also be important. 
5.3 Case Studies 
To validate the developed online resource, a simulation of eight simple residential structures 
with a rectangular plan area and identical storeys was completed. The use of the developed resource 
is presented in this section which outlines the user inputs, steps, and results. The number of isolators 
is selected for each case and used to conduct non-linear time history analysis, presented in Chapter 
6. The time history analysis evaluates the results of the developed resource by subjecting each 
structure to a suite of earthquakes representative of ground motions expected in Canada, 
specifically Montreal, Quebec.  
5.3.1 Model Structures 
Table 5-3 shows the plan dimension, number of storeys, fundamental fixed-base period, an 
the total weight of the eight cases considered. The height of one storey, 𝑧1, was taken as 2.4 m in 
all cases because this is a standard height of single family residential structures [46]. Case 1 and 2 
consider the largest possible residential structures with the maximum number of storeys that qualify 
for Part 9 of NBCC [1] with a square plan area. Case 3 and 4 consider typical two-storey houses 
that can be seen today and have the average building area (250 m2) [37]. Case 5 and 6 consider a 
one-storey residential structure, where the dimensions were chosen to mimic a ranch style home 
[38]. Lastly, Case 7 and 8 consider the smallest one-storey square plan residential structure that can 
be built for a single-family to be comfortable [39]. Additionally, the plan area of Case 7 and 8 was 
governed by the requirement that the total weight must be larger than the minimum weight that the 
minimum number of isolators can carry. This is because the structure must have at least four 
isolators and if the weight of the structure is smaller than the minimum load required for the device, 
a different isolator must be chosen. Therefore, for the isolators chosen and investigated for this 





Table 5-3: Model structures considered 
Case 𝑥 (m) 𝑦 (m) 𝑛 𝑇𝑓 (s) 𝑊 (kN) 
1 14 14 3 0.1 1262 
2 14 14 3 0.3 1262 
3 9 9 2 0.1 447 
4 9 9 2 0.3 447 
5 12 19 1 0.1 625 
6 12 19 1 0.3 625 
7 12 12 1 0.1 420 
8 12 12 1 0.3 420 
 
All the dimensions that were chosen comply with Part 9 of the NBCC [1]. The 
superstructure period (i.e. fixed-base period) and the dimensions are changed to validate the 
methodology for a range of structures. The weight of the structure is determined as the self-weight 
of the structure plus 25% of the total snow load. This requirement is as per the NBCC Part 4 for 
earthquake loads [1]. The weight of all the structures were determined using the normal weight 
construction limits for the floor, roof, and partition loads, whereas, for the exterior walls, it was 
assumed to have a masonry façade and the upper limit of the heavy weight classification was used. 
Table 5-4 shows the specific weight limits that were used to calculate the self-weight of the 
structural components for all the model structures. Table 5-5 shows the values that are used by the 
proposed resource to calculate the snow load.  
Table 5-4: Weight limits used for model structures 
Structural component Weight limits  
Floor 0.5 kPa 
Roof 0.5 kPa 
Exterior Walls 1.2 kPa 
Partition Walls 0.5 kPa 
 
Table 5-5: Values used to calculate the snow load for Montreal 
Variable Value 
𝐶𝑏 0.55 
𝑆𝑟 2.6 kPa 
𝑆𝑠 0.4 kPa 
 
Note that Case 5 and 6 have a rectangular plan area. Based on the current development of 
the resource, the rectangular geometry has no impact on the final solution (i.e. all else equal, 




will only change if the effects of torsion are included in the analysis, or if devices with directionally 
sensitive properties are considered. Such considerations are beyond the scope of this study. 
5.3.2 Isolator Properties 
Functions for the stiffness and damping of selected isolators were determined from 
experimental data shown in Table 5-6, Table 5-7 and Table 5-8. It should be noted that all the 
isolators considered are fiber-reinforced elastomeric bearings. All the bearings were scaled to give 
a wider variety for use in the online resource. For example, the first isolator was scaled to full and 
half scale, the original data was quarter scaled. Additionally, the vertical load carrying capabilities 
of all the isolators was 2 MPa. It is recommended that manufacturers provide a range of vertical 
loads that the device can carry without significant change in the properties (e.g. stiffness and 
damping). The online resource uses a range of ±0.4 MPa. This is an assumed value for example 
purposes only. The studies used for the isolator properties did not investigate sensitivity to vertical 
load; hence, a value needed to be assumed [41, 42]. 









4.6 19.5 386 12.6 
9.4 37.6 295 12.1 
14.2 56.7 240 11.7 
19.0 76.1 206 11.5 
28.6 119 163 11.0 
38.2 153 169 9.1 
47.7 191 200 7.7 
 









4.8 19.1 281 10.1 
9.5 38.1 227 9.4 
14.3 57.2 189 9.0 
19.1 76.2 164 8.9 
28.6 114 136 8.7 















4.8 19.1 321 9.6 
9.5 38.1 256 8.6 
14.3 57.2 314 8.2 
19.1 76.2 184 7.9 
28.6 114 145 8.2 
38.1 152 151 7.5 
 
Table 5-9 shows the notation for each isolator that the program uses to differentiate between 
all the isolator types. Isolator properties that the program uses (that in the future manufacturers of 
the isolators will provide), are the relationships between the stiffness and displacement as well as 
damping and displacement. Polynomial functions were fitted to the experimental data using least-
squares regression. Figure 5-1, Figure 5-2, Table 5-10, and Table 5-11 show these relationships for 
each isolator type. All of the relationships are 2nd order polynomials. A 2nd order polynomial was 
used because the 𝑅2 value was between 0.98-1.00 for both the stiffness and damping functions. 
This range for the 𝑅2 displays an excellent fit between the trendline and the data. In the future, the 
manufacturer would determine the nature of the functions to provide, depending on what provides 
an accurate representation of the device. Note that the program uses the global stiffness, so the 
functions provided are corrected based on the number of isolators. 
Table 5-9: Notation for each isolator considered 
Isolator Notation Type of isolator 
IT11 Full scale - 1st isolator 
IT12 Half scale - 1st isolator 
IT13 Quarter scale - 1st isolator 
IT21 Full scale - 2nd isolator 
IT31 Full scale - 3rd isolator 
 
Table 5-10: kM-DM Relationships 
Isolator 𝑘𝑀 function (kN/m) 
IT11 𝑘𝑀𝑗 = 16743𝐷𝑀𝑗
2 − 4464𝐷𝑀𝑗 + 450 
IT12 𝑘𝑀𝑗 = 33486𝐷𝑀𝑗
2 − 4464𝐷𝑀𝑗 + 225 
IT13 𝑘𝑀𝑗 = 66972𝐷𝑀𝑗
2 − 4464𝐷𝑀𝑗 + 112 
IT21 𝑘𝑀𝑗 = 13980𝐷𝑀𝑗
2 − 3376𝐷𝑀𝑗 + 338 
IT31 𝑘𝑀𝑗 = 15062𝐷𝑀𝑗






Figure 5-1: Lateral stiffness, kM, as a function of displacement, DM 
 
Table 5-11: 𝜻-DM Relationships 
Isolator ζ function (%) 
IT11 𝜁𝑗 = −116𝐷𝑀𝑗
2 − 3.1𝐷𝑀𝑗 + 12.5 
IT12 𝜁𝑗 = −464𝐷𝑀𝑗
2 − 6.2𝐷𝑀𝑗 + 12.5 
IT13 𝜁𝑗 = −1855𝐷𝑀𝑗
2 − 12.4𝐷𝑀𝑗 + 12.5 
IT21 𝜁𝑗 = −14.1𝐷𝑀𝑗
2 − 14.7𝐷𝑀𝑗 + 10.1 
IT31 𝜁𝑗 = 133. 𝐷𝑀𝑗
2 − 35.0𝐷𝑀𝑗 + 9.95 
 
 


















































Case 1 from Table 5-3, was used for the example of the developed online resource. The 
structure is assumed to be located in Montreal, Quebec, an area of moderate seismicity in Canada. 
The spectral accelerations, 𝑆𝑀 were taken from the NBCC [1] and the damping factors, 𝐵𝑀, were 
taken from the ASCE 7-16 [2]. As per Step 1 from Section 5.2, the dimensions of the residential 
structure, (x, y and, 𝑧1), number of storeys, n, fundamental period of the fixed-base structure, 𝑇𝑓, 
weight classification, 𝑆𝑇, and the type of isolator, IT, are inputted by the user. The average load, 
D, was calculated using the normal weight construction limits, whereas for the exterior walls, it 
was assumed to have a masonry façade and the upper limit of the heavy weight construction was 
used. The limits that were used are shown in Table 5-4. Also, the snow load was calculated using 
the values in Table 5-5. The average load that was calculated for Case 1 was 1.61 kPa. These inputs 
with their values are shown in Table 5-12. In the future the type of isolator, IT, will be selected 
from a list of pre-approved isolators. For the purpose of this example, the isolators presented in 
Section 5.3.2 were used to represent options for various devices and to achieve a reasonable number 
of isolators in the Case 1 example structure.  
Table 5-12: Inputted variables and values 
Input Value 
𝑥 14 m 
𝑦 14 m 
𝑧1 2.4 m 
𝑛 3 
𝑇𝑓 0.1 s 
𝐼𝑇 11  
𝑆𝑇 Normal 
 
As per Step 2 from Section 5.2, all variables for the initiation of the program are determined. 
The calculated variables, shown in Table 5-13 include the total weight of the structure, 𝑊, and base 
isolator properties. The base isolator properties include the area of the isolator, 𝐴𝐼¸ the weight that 
an individual isolator can carry vertically without changing the isolator properties, (𝑤𝑚𝑖𝑛, 𝑤𝑚𝑎𝑥), 
provided by the manufacturer (in this case based on a stress range of 1.6 MPa to 2.4 MPa), and the 





Table 5-13: Calculated variables for Case 1 
Variable Calculated Value 
𝑊 1262 𝑘𝑁 
𝐴𝐼 63232 𝑚𝑚
2 
(𝑤𝑚𝑖𝑛, 𝑤𝑚𝑎𝑥) (101 𝑘𝑁, 152 𝑘𝑁) 
(𝑁𝑚𝑖𝑛, 𝑁𝑚𝑎𝑥) (9,12) 
 
The program continues through Steps 3-8 where the spectral acceleration for Montreal at the 
assumed period, 𝑇𝑀𝑗= 1 s, is determined and used to calculate the maximum displacement, 𝐷𝑀𝑗, to 
be used in the first iteration. As per Step 6, expressions for 𝑘𝑀𝑗  and 𝜁𝑗  as a function of the 
displacement were selected and used to calculate the stiffness and damping, corrected for the 
number of isolators. The expressions that the program uses are the first equations shown in Table 
5-10 and Table 5-11. Steps 3-8, from Section 5.1, are repeated, increasing the increment (i.e. 𝑗 =
𝑗 + 1) until the program converges. For Case 1, the results for the period and displacement in 
accordance to the number of isolators are shown in Table 5-14. 
Table 5-14: Effective period and maximum displacement for Case 1 
𝑁 𝑇𝑀 (s) 𝐷𝑀 (mm) 
9 1.41 45 
10 1.32 42 
11 1.24 39 
12 1.17 36 
 
In accordance with Steps 9-11, if no errors are identified, all additional parameters that may 
be of interest are now calculated, shown in Table 5-15. The process is repeated for each number of 
isolators that could be potentially considered, based on the range of 𝑁𝑚𝑖𝑛 to 𝑁𝑚𝑎𝑥. As per Step 14, 
the graphs that are outputted are shown in Figure 5-3. These results can be now used to determine 
the response of the structure based on the type and number of isolators.  
Table 5-15 shows the efficiency, 𝐸𝑓𝑓, the minimum base shear at the base level, 𝑉𝑏, the 
minimum lateral shear above the base level, 𝑉𝑠, and the force at each level, 𝐹𝑥. The variable 𝐹1 is 
the force at the base level and 𝐹4 represents the force at the roof. Table 5-15 shows that the base 
shear increases as the number of isolators increases. This a disadvantage because with a larger base 
shear the structure experiences larger forces, and therefore a high probability of damage. With an 
increase in force the efficiency of the isolation system decreases. Note that even with the increase 
in base shear, the isolation system still results in a 77% reduction in accelerations in comparison to 




The efficiency of the base isolation system decreases as the number of isolators increases. 
This is because as the number of isolators increases the stiffness increases, which decreases the 
period of the structure. Therefore, the period of the system creeps closer to the fundamental period 
of a fixed-based structure. This, in turn, causes the structure to act as, or closer to, a fixed-based 
structure rather than a base isolated one. Figure 5-3(a) depicts this trend. Whereas, Figure 5-3(b) 
shows that as the number of isolators increases, the maximum displacement decreases. This is also 
because the more isolators the structure utilizes the period of the structure decreases (i.e. stiffer 
system).  
Table 5-15: Additional results for Case 1 
𝑁 𝐸𝑓𝑓 (%) 𝑉𝑏 (𝑘𝑁) 𝑉𝑠 (𝑘𝑁) 
𝐹𝑥  (𝑘𝑁) 
1 2 3 4 
9 81 115 94 21 28 32 34 
10 79 122 100 22 30 34 36 
11 78 129 105 23 32 36 38 
12 77 134 110 24 33 37 40 
 
 
                                (a)                                    (b) 
Figure 5-3: (a) Efficiency (%) and  (b) maximum displacement, DM vs. the number of isolators, N 
5.3.4 Results 
All the cases that are provided in Table 5-3 were inputted into the online resource and the 
important parameters were determined with the same process as shown in Section 5.3.3. Three 
different isolators types were considered, IT11, IT12, and IT13. Table 5-16 shows the results that 
were obtained from the program. The table displays the number of isolators, N, effective period of 
the base isolated structure, 𝑇𝑀, maximum displacement of the base isolated structure, 𝐷𝑀, and the 
efficiency, 𝐸𝑓𝑓. In Case 1, all three isolator types had the same range of number of isolators but, 
both IT21 and IT31 had a lower horizontal stiffness that of IT11. With this lower horizontal 




for prevention of earthquake damage, but with a longer effective period, the structure must now be 
able to accommodate larger displacements in the event of an earthquake. This is a factor that users 
would have to consider when designing a base isolated structure. Additionally, the efficiency of all 
the isolator types are effectively similar, therefore, when choosing the number of isolators for a 
structure, it would be more efficient to choose based on the displacement the user would like to 
have, as well as cost and constructability. This observation is the same for all the cases shown in 
Table 5-16. Table 5-16 only shows three types of isolators, IT11, IT21, and IT31. IT12 and IT13 
are not shown because the range of the number of isolators the structures would need was 
unreasonable (i.e. for IT12 the range for the number of isolators was 34-49).  
Table 5-17 shows the force distribution and base shear off all the cases. The variable 𝐹1 is 
the force at the base level and depending on the number of storeys in the model structure, the last 
number in each row represents the force at the roof. Therefore, if the structure has three storeys, 
𝐹4 represents the roof, if the storey has two storeys, 𝐹3 represents the force at the roof, and if the 
storey has only one storey, 𝐹2 represents the force that is experienced at the roof. Furthermore, the 
base shear, 𝑉𝑏, is identical for similar cases (i.e. Case 1 and Case 2 for 12 isolators the base shear 
is 134 kN). This is because the base shear is not dependent on the fundamental period of the 
structure, 𝑇𝑓. Whereas, the force distribution and efficiency is dependent on 𝑇𝑓 and that is why 





Table 5-16: Case results from the online resource 
 
Table 5-17: Force distribution for Cases 2-8 
Case 𝑁 𝑉𝑏 (𝑘𝑁) 
𝐹𝑥  (𝑘𝑁) 
1 2 3 4 
1 
9 115 21 28 32 34 
10 122 22 30 34 36 
11 129 23 32 36 38 
12 134 24 33 37 40 
2 
9 115 21 28 32 34 
10 122 22 30 34 36 
11 129 23 32 36 38 
12 134 24 33 37 40 
3 4 46 11 16 18  
4 4 46 11 16 18  
5 5 61 23 38   
6 67 25 41   
6 
5 61 23 38   
6 67 25 41   
7 4 45 17 28   
8 4 45 17 28   
Case 























9 1.41 45.2 80.7 9 1.71 56.7 84.7 9 1.61 56.2 83.3 
10 1.32 41.8 79.4 10 1.61 54.5 83.3 10 1.50 53.1 81.9 
11 1.24 38.7 78.3 11 1.52 51.9 82.1 11 1.41 49.9 80.6 
12 1.17 35.9 77.4 12 1.43 49.2 80.9 12 1.33 46.6 79.5 
2 
9 1.41 45.2 77.1 9 1.71 56.7 81.8 9 1.61 56.2 80.2 
10 1.32 41.8 75.5 10 1.61 54.5 80.2 10 1.50 53.1 78.5 
11 1.24 38.7 74.2 11 1.52 51.9 78.7 11 1.41 49.9 77.0 
12 1.17 35.9 73.1 12 1.43 49.2 77.3 12 1.33 46.6 75.7 
3 4 1.22 37.9 78.0 4 1.49 51.2 81.7 4 1.39 49.0 80.3 
4 4 1.22 37.9 73.9 4 1.49 51.2 78.3 4 1.39 49.0 76.6 
5 
5 1.31 41.6 79.3 5 1.60 54.3 83.2 5 1.50 52.9 81.8 
6 1.16 35.7 77.3 6 1.42 48.9 80.8 6 1.32 46.3 79.4 
6 
5 1.31 41.6 75.4 5 1.60 54.3 80.0 5 1.50 50.9 78.3 
6 1.16 35.7 73.0 6 1.42 48.9 77.2 6 1.32 46.3 75.6 
7 4 1.17 36.0 77.4 4 1.43 49.2 81.0 4 1.33 46.7 79.6 





This chapter shows the methodology the proposed online resource uses to determine the 
maximum displacement, effective period, and the number of isolators that are appropriate for 
residential structures. The resource utilizes the procedure provided in ASCE 7-16 [2], adapted to 
the hazard requirements of the NBCC [1]. Furthermore, the necessary inputs from manufacturers 
and users have been identified. Model structures were chosen in accordance with the NBCC [1] 
requirements for Part 9 to demonstrate the program. The selected model structures considered are 
shown in Table 5-3. Table 5-16 shows the results for all the model structures. Effectively, the user 
of the program will be provided options for the number of isolators and the efficiency and maximum 
displacement of each. Based on this information, the user can select an isolation system with an 





CHAPTER 6  
TIME HISTORY ANALYSIS OF THE MODEL STRUCTURES 
6.1 Methodology  
Time history analysis on the model structures found in Table 5-3 was completed considering 
earthquakes appropriate for Montreal, Quebec, and using isolator type IT11. In total, twelve time 
histories were selected and scaled to the NBCC [1] response spectrum for a fixed-base and base 
isolated structure. A discretized lumped-mass multi-degree of freedom model was developed for 
each case. The residential structure was subjected to these earthquakes to evaluate the response 
based on key performance indicators (KPIs), notably the interstorey drifts, maximum isolator 
displacement, base shear, and force distribution. Only unidirectional ground motion excitation was 
considered and torsional effects were neglected. The KPIs are used to validate the results from the 
developed resource as well as to demonstrate the effectiveness of base isolation and general trends 
relevant for design considerations. 
To allow for relative comparison between structures, only isolator IT11 was considered. 
Furthermore, an average base isolated period was determined for all the cases considered to select 
and scale the ground motions. An average period was used because the effective periods were about 
the same (i.e. the same suite of ground motions can be used for all cases). Table 6-1 displays the 
conditions for each case considered determined using the online resource. Specifically, it shows 
the plan dimensions, the number of storeys, the mass of one storey, the number of isolators required 
and the effective isolation period. A similar methodology was used to select the ground motions 
for the fixed-base structures. Note that the average mass per storey, 𝑚, has be determined using 
normal weight structural limits with a masonry façade plus 25% of the site specific snow load as 
described in Chapter 5. 
Table 6-1: Conditions for each case determined using the online resource 
Case 𝑥 (m) 𝑦 (m) 𝑛 𝑚 (kg) 𝑁 𝑇𝑀 (sec) 
1 & 2 14 14 3 32,200 11 1.24 
3 & 4 9 9 2 15,200 4 1.22 
5 & 6 12 19 1 31,900 6 1.16 




6.2 Description of the Models 
6.2.1 Ground Motion Selection  
The range of effective periods were determined for all the model structures based on IT11. 
With these values, a communal effective period was chosen for selecting ground motions. 
Therefore, for the model structures considered, the number of isolators was chosen to ensure that 
each case had approximately the same effective period. Ground motions are selected based on a 
targeted period. As such, it is possible that a different suite of records would need to be selected 
for each case considered (i.e. twelve ground motions for each case). On the other hand, using an 
average effective period and choosing isolators according to this period, only twelve ground 
motions need to be selected and scaled and used for the time history analysis. This also enables a 
more direct comparison between cases, as all the case structures are subjected to the same ground 
motions. 
The NBCC [42] guidelines for ground motion selection (Commentary J Appendix) were 
followed. The guidelines require a minimum number of five ground motions in each suite (i.e. 
source location or scenario) and the total number of records in all suites should not be less than 11. 
In addition to the NBCC [42], the example outlined by Tremblay et al. [43] provided guidance to 
select and scale ground motion. The Engineering Seismology Toolbox [44] was used to select 
appropriate ground motions for eastern Canada. Although these records are synthetic, they contain 
characteristics appropriate for conditions expected in Montreal.  
The ground motions for the base isolated structures were selected and scaled for a target 
period of 1.20 s, assuming Site Class C. Six earthquake records were selected for each scenario 
considered (i.e. a M6 and M7 event determined through deaggregation of the hazard in Montreal 
and recommend by Tremblay et al. [43]). Figure 6-1 shows the target response spectrum and the 
mean of the six selected records for each suite as well as the individual records shown in light grey 
for the base isolated structure. The ground motions that were selected and the respective scaling 
factors are shown in Table 6-2. In Table 6-2, distance represents the distance from the epicenter of 
the earthquake to the site, the record number corresponds to the record identification number from 
the Engineering Seismology Toolbox [44], the scale factor ensures that on average the response 
spectrum equals the target response spectrum [42] within the period range considered. The global 
scale factor is applied to all records to ensure that the mean of the suite does not fall below 90% of 
















17 32 0.92 
1.08 
24.4 26 1.62 
12.8 12 1.11 
21.5 6 1.41 
24.8 36 1.80 
17 3 1.23 
7 
41.6 3 1.23 
1.03 
25.6 41 1.23 
50.3 11 1.72 
50.3 13 1.97 
45.2 8 1.90 
41.6 1 1.17 
 
Figure 6-1: Target response spectrum and fitted ground motions for a base isolated structure in 
Montreal, Canada 
Additionally, ground motions for a target period of 0.2 s to represent a fixed-based structure 
were chosen. A period of 0.2 s was used because it was the average between the periods that the 
model structures have, similar to how the base-isolated average period was determined. The period 
range that the ground motions were scaled over was from 0.15𝑇𝑓 to 2.0𝑇𝑓, whereas the NBCC [42] 
suggests that the maximum period of the range should be 2.0𝑇𝑓 but not less than 1.5 s. Note that 
the model considered assumes that the fixed-base structure remains linear elastic. Therefore, higher 
periods will not have a significant impact on the response of the system. Thus, scaling over a 
smaller period range provides a better fit for periods that will significantly impact the results (i.e. 




Using a target period of 0.2 s allowed for one suite of twelve records to be chosen instead of 
two suites of six records. Twelve records were used to match the number selected for the base 
isolated case. The twelve records that were selected and scaled for the fixed-based structures are 
shown in Table 6-3. Only records representing M6 earthquakes were selected. This is because the 
period range that the selected motions were to be scaled over was relatively low, as represented in 
Figure 6-2. Based on the deaggregation plots, the M7 events only significantly contribute to the 
seismic hazards at longer periods. Ultimately, the range that the M7 records were applicable to was 
too narrow for the period range that was considered. Figure 6-3 shows the target response spectrum 
and the mean of twelve selected records as well as the individual records shown in light grey for 
the fixed-based structure.  
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Figure 6-3: Target response spectrum and fitted ground motions for a fixed-base structure in 
Montreal, Canada  
6.2.2 Structure and Isolator Properties  
6.2.2.1 Structure Stiffness 
The model structure specifications were used to calculate the maximum displacement and 
period of the base isolated structure based on the procedure outlined in Section 5.1. The dimensions 
(x and y) in metres, height of one storey (𝑧1=2.4 m for all model structures), average load per square 
metre to calculate the total weight of the structure, 𝑊, and the number of storeys, 𝑛, will influence 
the properties of the model. The stiffness and mass for each floor were assumed to be equal. This 
assumes that the floor plan does not change substantially between storeys and, thus, the properties 
between floors are identical. This was a necessary simplification. 
The first mode fundamental period of the structure was assumed to be either 0.1 s or 0.3 s. 
Normally, the periods of the modes of vibration are determined based on the mass and stiffness of 
each storey. In this case, the period of the first mode of vibration was known, as well as the mass, 
from which the stiffness of each storey can be determined. However, beyond two storeys, the 
calculations become complex unless simplifying assumptions are made. Thus, it has been assumed 
that the mass and stiffness are identical over each storey. The stiffness of each storey can be 
determined based on the assumed period and mass of each storey. If the structure is only one storey, 
the period can be converted to an angular natural frequency and used to solve the stiffness. For 
multi-degree of freedom systems, Eigenvalue analysis is required to determine the mode shapes 
and frequencies. The Eigenvalues are the roots of the characteristic equation determined for the 
dynamic system. For example, if there are two storeys, the stiffness, 𝐾, and mass, 𝑀, matrices are: 













where 𝑘 is the stiffness. The Eigenvalues, 𝜆, are determined by solving: 
 
det|𝐾 − 𝜆𝑀| = 0 6-3 
The determinant of Eq. 6-3 yields the characteristic equation, which is a 2nd order polynomial: 
  
𝑚2𝜆2 − 3𝑘𝑚𝜆 + 𝑘2 = 0 6-4 
The roots show the relationship between the stiffness and the mass. The roots for Eq. 6-4 are: 
 𝜆 = 𝜔1













where, 𝜔1  is the minimum natural angular frequency and 𝜔2  is the maximum natural angular 
frequency of the structure (i.e. first and second mode, respectively). The first mode root can be 
rearranged to determine 𝑘 as a function of 𝑚 and 𝜔1:  
 𝑘 = 0.382𝑚𝜔1
2 6-7 
This is the same process for any structure that has more than two degree of freedoms (i.e. three or 
more storeys).  
6.2.2.2 Structure Damping 
The damping of the fixed-based structure was assumed to be 5%, this is because the NBCC 
[1] assumes the structure experiences damages and has damages during an earthquake. 
Furthermore, the damping of the base isolated structure was assumed to be 2.5% as per the NBCC 
[1], this is assuming the structure is undamaged.  
For the time history analysis, the damping matrix for the fixed-base and base isolated 
structure (excluding the isolation layer) used the Rayleigh damping matrix procedure [45]. The 
Rayleigh damping matrix method considers the following equation: 
 
𝐶 = 𝛼𝑀 + 𝛽𝐾 6-8 
where 𝛼 is the mass proportional damping coefficient and 𝛽 is the stiffness proportional damping 














where 𝜁𝑠 is the damping of the fixed-base or base isolated structure (not to be confused with the 
damping of the isolation layer). Once the coefficients are determined they can be substituted back 
into Eq. 6-8 to determine the damping matrix of the system.  
6.2.2.3 Isolator Properties 
All structures investigated utilized the IT11 base isolation system. The stiffness (in 




2 − 0.006𝑣𝑏 + 0.473 6-11 
𝜁 = −116𝑣𝑏
2 − 3.1𝑣𝑏 + 12.5 6-12 
where 𝑣𝑏 is the relative isolation displacement, for more information refer to Section 6.2.3. Note, 
that the stiffness function that is used for the time history analysis is different from the stiffness 
function that is used into the proposed online resource. Whereas, the damping function is the same 
for both. There is a difference in the stiffness functions because using a higher order function for 
the stiffness allows for more accuracy in the results. Specifically, the initial stiffness at zero lateral 
displacement is not accurately represented with a second-order function. This has no impact on the 
proposed online resource but significantly impacts the time history analysis.  
6.2.3 Time Stepping  
The equation of motion for a fixed-base structure experiencing earthquake excitation is: 
 
𝑀?̈? + 𝐶?̇? + 𝐾𝑢 = −𝑀𝜄?̈?𝑔 6-13 
where, ?̈?, ?̇?, and 𝑢 are vectors describing the relative acceleration, velocity, and displacement the 
structure experiences, respectively, ?̈?𝑔 is the ground acceleration, and 𝜄 is the influence vector. The 
influence vector represents the displacements of the masses resulting from a static application of a 
unit ground displacement.  
For a two degree of freedom system (i.e. two storey structure), the equation of motion, with 
































where 𝑐1, 𝑐2, and 𝑐3 are the specific damping for the system calculated using Rayleigh damping. 
Furthermore, as the number of storeys increases, different matrices are formed according to the 
structural properties.  
The equation of motion for a base isolated structure experiencing earthquake excitation is 
[18]: 
 𝑀?̈? + 𝐶?̇? + 𝐾𝑣 = −𝑀𝜄?̈?𝑔 6-15 
For a two degree of freedom system (i.e. single storey structure), the equation of the motion, with 

























} ?̈?𝑔 6-16 
where 𝑣𝑠 represents the displacement of the structure relative to the base isolation system and 𝑣𝑏 
represents the isolation system displacement relative to the displacement of the ground motion [18]. 
To determine the values for 𝑣𝑠 and 𝑣𝑏, the following equations are used: 
 𝑣𝑏 = 𝑢𝑏 − 𝑢𝑔 6-17 
 𝑣𝑠 = 𝑢𝑠 − 𝑢𝑏 6-18 
where 𝑢𝑠 and 𝑢𝑏 are the absolute displacements of the structure and isolation layer, respectively, 
and 𝑢𝑔 is the absolute displacement of the ground. Additionally, ?̈?𝑏 , 𝑣𝑠̈ , ?̇?𝑏, and ?̇?𝑠 represent the 
acceleration of the structure and isolation system, and the velocity of the structure and base isolation 
system, respectively, 𝑐𝑏 and 𝑐𝑠 are the damping of the structure and isolation system respectively, 
and 𝑘𝑏  and 𝑘𝑠  are the stiffness of the structure and base isolation system, respectively. To 
understand these variables better, see Figure 6-4. 
 




The response of the structure is determined using the selected ground motion and the Runge-
Kutta 4th order time stepping method [46]. See Appendix C for the procedure and equations. Firstly, 
all the matrices are determined (e.g. mass, stiffness, and damping). To use the 4th order Runge-
Kutta technique, the initial properties of the isolator are determined and then the resource cycles 
through the time stepping method to output the response of the structure, either base isolated or 
fixed-based. This resource provides important parameters that are used in the design of the structure 
for earthquake loads. The resource provides the displacement, velocity and acceleration at each 
floor of the structure, the drift each floor experiences relative to the ground, the absolute 
acceleration, and the base shear. 
6.3 Results 
After all the ground motion records were selected the response of the structure, either being 
fixed-base or base isolated, was determined using a time history analysis. The variables that are 
used are the number of isolators (the user wishes to utilize in their design), 𝑁, the fundamental 
period of the fixed-base structure, 𝑇𝑓, whether the structure is base isolated, and the properties of 
the structure itself. The results for the base isolated structure are presented first. Specifically, the 
maximum displacement, base shear, interstorey drift, and force distribution was compared between 
the online resource and time history analysis. Furthermore, the time histories, hysteresis loops, and 
the distribution of the force along the structure was analyzed. After the base isolated structure 
results are compared, the results from the time history analysis for the fixed-base structure are 
analyzed. Lastly, the results for the base isolated and fixed-base structures are compared and 
discussed. 
6.3.1 Base Isolated Structure 
6.3.1.1 Time Histories and Hysteresis Loops 
Figure 6-5 (a) and (b) show the absolute acceleration time history and the force-displacement 
hysteresis loops for Case 1, for IT11 with eleven isolators. The remaining cases can be found in 
Appendices D.1 to D.8 for IT11 and the number of isolators specified in Table 6-1. These figures 
show the acceleration of the ground and absolute acceleration of the top storey for the duration of 
strong shaking for each ground motion selected. The absolute acceleration of the top floor is 
significantly reduced due to base isolation relative to the ground motion. The ground motion 
changes its acceleration quickly and at high frequencies. Whereas, the top floor’s response 




consequently displacement), characteristic of a base isolated structure. This same trend can also be 
seen for the remaining cases in Appendices D.1 to D.8. Figure 6-6 exemplifies the significant 
difference between the peak ground acceleration and of the absolute acceleration of the top floor 
for each earthquake record that was selected. The record number corresponds to the selected ground 
motions, in order, from Table 6-2.  
The hysteresis loops display the force in the isolation system, or base shear, and the 
maximum displacement. The area within the hysteresis loops represents the energy dissipation and 
damping of the system. These loops represent the nonlinearity of the system and mean displacement 
and base shear concept. The hysteresis loops in Figure 6-5 (b) shows that if the maximum 
displacement increases the base shear does increase but by a very small factor, representative of 










Figure 6-6: Comparison of the peak ground acceleration and the absolute acceleration of the top 
floor of the structure (IT11, N=11) 
6.3.1.2 Maximum Displacement, Base Shear, and Interstorey Drift 
Table 6-4 shows the results of all eight base isolated model structures. The table shows the 
maximum displacement and base shear that was acquired from the online resource (OR) ranges 
from about 35 mm to 39 mm and 45 kN to 129 kN, respectively. Table 6-4 also shows that from 
the time history analysis (THA) the maximum displacement was about 32 mm to 33 mm and the 
base shear was about 43 kN to 123 kN. Although twelve records were considered, the average of 
the top six earthquakes was taken for each KPI and deemed as the value for comparison. Taking 
the maximum six displacements is in accordance with the NBCC [42] which says that if two suites 
are used (i.e. M6 and M7 in this case), the response is determined as the mean of the highest 𝑛𝑠 
response values, where 𝑛𝑠 is the average number of ground motions in all suites. In this case for 
analysis purposes the average of the top six response values was taken.  
In regards to the base shear, the values were deemed appropriate considering the structure 
properties and the mode shapes. Figure 2-2(b) shows the mode shapes of a base isolated structure. 
In the first mode shape, the isolation layer’s relative motion dominates compared to the relative 
motion of the upper storeys to the isolation layer. Therefore, due to where the isolators are located, 
the structure must be able to withstand the force that each floor applies in shear to the base of the 
structure. Structures that have the same dimensions have the same base shear regardless of the 
fundamental period of the structure (i.e. 𝑇𝑓). This is because to calculate the base shear, the 𝑇𝑓 is 



























similarly nearly independent of 𝑇𝑓, which is expected if the isolation period and fixed-base period 
are well separated [18].  
Additionally, Table 6-4 displays that the drift, or the horizontal movement of each storey 
relative to the storey below, is very small, between 0.05 mm to 1.5 mm. Often drift can cause 
damages within the structure during ground motion. Damages consist of cracking of the drywall or 
exterior masonry and splitting at and around the fasteners in the wall framing. The percent drift is 
the amount the storey moves horizontally relative the height of the storey. According to Part 4 of 
the NBCC [1] the maximum drift that can occur in a structure, such as a residential structure, is 
0.025𝑧1. In this study the maximum drift must be less than or equal to 60 mm, as per Part 4 of the 
NBCC [1]. Christovasilis et al. [47], conducted a full-scale test on a two storey fixed-base wood 
framed structure to determine the drift limits according to damage that was seen. They observed 
that with a drift between 0.1-0.5%, there was minor splitting and cracking in the walls and minor 
cracking in the exterior stucco finishing. Furthermore, with a drift of greater than 2% they observed 
major cracking and splitting of the studs and walls and significant cracks in the exterior finishes 
[47]. The results shown in Table 6-4 for the percent drift show significantly less than the drift limit 
outlined by Christovasilis et al. [47]. Therefore, installing base isolation has kept interstorey drifts 
to a level at which damage is unlikely. 
Table 6-4: Base isolated time history analysis results 
Case 𝑁 









1st  2nd  3rd   
(mm) (%) (mm) (%) (mm) (%) 
1 11 38.7 129 33.4 123 0.15 0.006 0.10 0.04 0.05 0.02 
2 11 38.7 129 33.4 123 1.44 0.060 1.13 0.05 0.70 0.03 
3 4 37.9 46 33.0 44 0.08 0.003 0.04 0.02   
4 4 37.9 46 33.0 44 0.82 0.034 0.54 0.02   
5 6 35.7 67 32.0 65 0.11 0.005     
6 6 35.7 67 32.0 65 1.19 0.050     
7 4 36.0 45 32.0 44 0.11 0.005     
8 4 36.0 45 32.1 43 1.18 0.050     
 
Table 6-5 shows the percent difference between the developed program and time history 
analysis response. The difference is between 11-15% with a mean, 𝜇 , of 13% and standard 
deviation, 𝜎, of 1.7% for the maximum displacement of the structure. Additionally, for the base 
shear the percent difference between the online program and time history analysis was between 
3.0-4.7% with a 𝜇 of 3.8% and 𝜎 of 0.9%. Note that there is a large difference between the percent 
change in the mean maximum displacement and mean base shear. This difference is reasonable and 




the displacement range. This means that if the maximum displacement is increased the base shear 
increases by a lower amount. Whereas, if the system was a linear system if the maximum 
displacement doubled the base shear would also double. The coefficient of variation, 𝐶𝑜𝑉, for the 
displacement is 0.13 and for the base shear it is 0.24. A low value for the coefficient of variation 
means that the all the data is in a narrow region and with a low spread. Thus, the results are 
consistent, relatively independent of the structure and number of isolators. There are no outliers 
and the data is close to the mean.  
The maximum displacement and base shear from the THA is lower than from the developed 
OR in all cases. It is postulated that this is partially because the results happen to fall within an 
isolation period range where the spectral acceleration is lower than the target response spectrum 
acceleration. Figure 6-7 shows that for the target period of 1.20 s the fitted ground motions spectral 
accelerations for both suites are below the target response spectrum. The M7 suite was 
approximately 10%, and the M6 suite was approximately 21% lower than the target response 
spectrum. Furthermore, the response of the structure was determined by taking the average of the 
top six responses, therefore, the top six response were presumably based on the M7 ground motions 
that were selected. 
 





Table 6-5: Percent difference for the DM and Vb between the OR and the THA response 
Case 𝐷𝑀  𝑉𝑏  
1 15% 4.7% 
2 15% 4.7% 
3 14% 4.3% 
4 14% 4.3% 
5 11% 3.0% 
6 11% 3.0% 
7 12% 2.2% 
8 11% 4.4% 
𝜇 13% 3.8% 
𝜎 1.7% 0.9% 
𝐶𝑜𝑉 0.13 0.24 
6.3.1.3 Force Distribution  
Additional information that the proposed online resource provides was the lateral force at 
each storey, from the base level, 𝐹1, to the top level. Table 6-6 shows these results for each case, 
where the force distribution has been normalized by the base shear. The force applied at the top of 
the structure is almost always larger than the force applied at the base level of the structure. This is 
shown from the online resource and the time history analysis results.  
The results for the distribution of the force from the time history analysis shows that each 
level has approximately the same value. This is because in base isolated structures the first mode 
shape dominates the response of the structure. In the first mode shape, shown in Figure 2-2 (b), the 
isolation layer moves horizontal significantly and the levels above the isolation layer also move but 
essentially as a rigid structure with minimal relative difference in lateral movement. Therefore, the 
acceleration is effectively the same at each level. Also, the mass of each storey was assumed to be 
equal which contributes to the values being identical. Assuming the mass is equal for each storey 
and that the acceleration is the same at each level the force that is applied to each level will be 
identical.  
A few of the cases (i.e. Cases 2, 4, and 6) display a different response. Cases 2 and 6 show 
that the force applied at each level increases along the height of the structure. This is because the 
acceleration is different at each level, caused by different mode shapes contributing to the overall 
response. However, the change in the applied force is minimal. Also, if the fundamental period of 
the structure is 0.3 s, the structure is more flexible which increases the relative displacement. 
Whereas, for Case 4, the results show that at the second level the force applied is larger than at 
level one and three. This is because even though mode shape one does dominate the response of 




There is a difference between the values that are from the online resource compared to the 
time history analysis. The online resource results are not the best representation of the time history 
analysis results. For the proposed online resource, the ASCE 7-16 [2] simplified equations were 
used to calculate the distribution of forces. The ASCE 7-16 [2] provides a more conservative 
approach by applying more force at the top level which in turn causes higher moments and higher 
shear at each level. As the simplified approach does not account for the stiffness of the 
superstructure or the mode shapes, such conservatism is reasonable. 
Table 6-6: Normalized force distribution factors comparison 
Case 𝑁 
OR 𝐹𝑥  THA 𝐹𝑥  
1 2 3 4 1 2 3 4 
1 11 0.18 0.25 0.28 0.30 0.25 0.25 0.25 0.25 
2 11 0.18 0.25 0.28 0.30 0.23 0.24 0.26 0.27 
3 4 0.25 0.35 0.40  0.33 0.33 0.34  
4 4 0.25 0.35 0.44  0.32 0.36 0.32  
5 6 0.38 0.62   0.50 0.50   
6 6 0.38 0.62   0.49 0.51   
7 4 0.38 0.62   0.50 0.50   
8 4 0.38 0.62   0.49 0.51   
6.3.2 Fixed-Base Structure 
6.3.2.1 Time Histories 
The same highlighted cases from Table 5-16 were analyzed with a time history analysis but 
as a fixed-based structure. The ground motions that were selected and used for these analyses are 
shown in Table 6-3. Figure 6-8 (a) to (d) show selected time histories for Case 1 as a fixed-base 
structure along with the ground motion. Similar to the base isolated time histories, the ground 
motion changes accelerations rapidly and frequently. Whereas, different from the base isolated 
structure, the response of the fixed-based structure is not smooth but is also rapidly changing its 
acceleration, which shows that the response of the fixed-base structure is more violent than the base 
isolated structures.  Figure 6-8 (a) to (d) also show that the response of the structure is significantly 













Figure 6-8: Time histories for fixed-base case 1 structure 
6.3.2.2 Maximum Displacement, Base Shear, and Interstorey Drift 
For the fixed-base structures a mean of the all the earthquake response values were taken, as 
per the NBCC [42]. Table 6-7 shows the results for the time history analysis. The table shows the 
displacement at each storey relative to the ground, the base shear, and the drift of each storey 
relative to the storey below. There are a few notably trends that are displayed in Table 6-7 that will 
be discussed.  
The table shows that with increasing height along the structure (i.e. first storey to second 
storey, and so forth) the displacement also increases. This is because for a fixed-based structure, 
similar to a base isolated structure, the first mode dominates the response of the structure, as seen 
in Figure 2-2(a). For example, for the first mode of a fixed-base structure the relative motion 
increases along the height with the maximum displacement at the roof. This is typical for any fixed-
base structure under earthquake excitation or vibrations.  
For the base shear, shown in Table 6-7, the model structures with the same dimensions have 
different values. This is because to calculate the base shear it is dependent on the fundamental 
period of the structure. For example, looking specifically at Case 1 and 2, there is a difference, this 
is because the fundamental periods were 0.1 s and 0.3 s, respectively. Figure 6-9 shows that that 




and the ground motion spectral accelerations. at 0.3 s. Therefore, the lower the fundamental period 
of the structure the more force it will have to restrain. Note that this may not always be true as it is 
a function of the selected ground motions and location. Additionally, specifically looking at Case 
1 and 7, both have the same fundamental period, 0.1 s, but the base shear is very different. This is 
because Case 1 is heavier (i.e. 1262 kN for Case 1 and 420 kN for Case 7) and it is three storeys, 
whereas Case 8 is smaller and only one storey. A structure with more mass is generally expected 
to have a higher base shear, all else equal. Table 6-7 shows that for cases that have a 𝑇𝑓 of 0.1 s 
have a lower displacement at the roof level than the cases with a 𝑇𝑓 of 0.3 s. This is because a 
structure with a 𝑇𝑓 of 0.3 s is more flexible than a structure with a 𝑇𝑓 of 0.1 s.  
  
Figure 6-9: Target vs. fitted ground motions for fixed-base structure   
The drift decreases along the height of the structure. This is because the first mode shape for 
the fixed-base structure dominates the response of the structure. Looking at the first mode the top 
level displaces the most relative to the ground which is shown by 𝑢 in the table. However, the 
lateral movement of the top storey relative to the lower storey is the smallest drift for the structures 
considered. Therefore, the relative lateral movement of the first level has the largest drift. As per 
Christovasilis et al. [47], minor damages can occur when the drift is between 0.1-0.5 %. With this 
information a few of the cases in Table 6-7 (i.e. Cases 2, 3, 4, 6, and 8), would experience minor 
cracking on the exterior and interior walls and splitting of the wood framing. This does not include 










1st 2nd 3rd  
1st  2nd  3rd  
(mm) (%) (mm) (%) (mm) (%) 
1 1.0 1.9 2.3 669 1.0 0.04 0.8 0.03 0.9 0.04 
2 5.3 9.7 12.5 378 5.3 0.2 4.6 0.2 3.0 0.1 
3 1.4 2.2  218 0.6 0.03 0.3 0.1   
4 7.2 11.8  125 3.0 0.1 2.1 0.09   
5 1.9   238 0.79 0.03     
6 10.0   140 4.2 0.2     
7 1.9   160 0.79 0.03     
8 10.0   94 4.2 0.2     
6.3.3 Base Isolated vs. Fixed-Base Structure 
6.3.3.1 Absolute Acceleration 
To compare the base isolated to the fixed-based model structures, the maximum absolute 
accelerations, interstorey drifts and base shears are considered. Table 6-8 shows the mean absolute 
acceleration at each storey. For the fixed-base structure, cases with the same dimensions have two 
different values (i.e. the absolute acceleration at the roof level for Case 1 is 1.02 g and Case 2 is 
0.71 g). This is because the maximum mean absolute acceleration at the roof is dependent on the 
fundamental period of the structure. Whereas, for the base isolated structure the absolute difference 
is relatively independent of the effective period of the structure; the response is governed by the 
isolation layer.  
Table 6-8: Absolute acceleration for base isolated and fixed-based model structures 
Case 
Base Isolated (g) Fixed-Based (g) 
1 2 3 4 1 2 3 
1 0.10 0.10 0.10 0.11 0.60 0.83 1.02 
2 0.13 0.12 0.12 0.15 0.46 0.52 0.71 
3 0.10 0.10 0.10  0.68 0.96  
4 0.13 0.11 0.14  0.44 0.60  
5 0.11 0.11   0.83   
6 0.13 0.13   0.48   
7 0.11 0.11   0.83   
8 0.13 0.13   0.48   
 
Comparing specifically the maximum mean absolute acceleration at the roof level, Table 6-9 
shows the efficiency as a percentage between the base isolated and fixed-based structure. The 
absolute mean accelerations for the base isolated structures are approximately 73-90% lower than 




efficiency from the THA to the efficiencies provided by the OR, the results are similar. The 
efficiencies provided by the proposed online resource are, on average 7.4% lower, with 𝜎 of 4.1% 
and a 𝐶𝑜𝑉  of 0.55, but represent that base isolation offers better earthquake protection than 
constructing a fixed-base structure. Also, in the THA, the spectral acceleration of a structure with 
a 𝑇𝑓 of 0.1 s is greater than a structure with a 𝑇𝑓 of 0.3 s, however, both base isolated cases perform 
essentially the same. Therefore, the reduction (or efficiency) for the structure with a 𝑇𝑓 of 0.1 s will 
be greater. From these results, residential structures that equip a base isolation system are about 
81% more efficient with respect to peak absolute accelerations in the event of an earthquake 
compared to being fixed-based.  
Table 6-9: Efficiency of the absolute acceleration between the fixed-base structure and the base 








1 89% 78% 12% 
2 78% 74% 4.6% 
3 87% 78% 12% 
4 81% 74% 8.3% 
5 86% 77% 10% 
6 72% 73% 1.5% 
7 86% 77% 10% 
8 72% 73% 1.4% 
𝜇 81% 76% 7.4% 
6.3.3.2 Interstorey Drift and Base Shear 
Table 6-10 shows the absolute difference and percent difference in drifts between the base 
isolated and fixed-base structures. This table shows that by installing base isolators the drift was 



















1 0.9 86% 0.7 88% 0.4 89% 
2 3.9 73% 3.4 75% 2.3 78% 
3 0.5 86% 0.3 89%   
4 2.2 72% 1.6 75%   
5 0.7 86%     
6 3.0 71%     
7 0.7 80%     
8 3.0 72%     
 
Table 6-11 shows the percent difference between the base shear of the base isolated (OR 
and THA) and fixed-based structures. Note that the base shear for the base isolated cases are 
significantly less than the fixed-base structures, approximately 68% less, with a 𝜎 of 10% and a 
𝐶𝑜𝑉 of 0.15. Additionally, the table shows that the difference between the fixed-base and base 
isolated structure shear decreases as the mass of the structure and the number of storeys in the 
structure decreases. For instance, Case 1 has an 81% difference and Case 7 has a 72% difference. 
These two structures have about the same dimensions but the mass of Case 1 is more because it has 
three storeys and Case 2 has 1 storey.  






1 81% 82% 
2 66% 67% 
3 79% 80% 
4 63% 65% 
5 72% 73% 
6 52% 54% 
7 72% 73% 
8 52% 54% 
6.4 Summary  
This chapter shows the time history analysis and the results for the base isolated and fixed-
base model structures. For the base isolated model structure, twelve ground motions from two suites 
(M6 and M7) were selected and for the fixed-base structures twelve ground motions from only one 
suite (M6) were selected. The results from the time history analysis for the both the base isolated 




The base isolated cases showed that the results from the online resource for the maximum 
displacement and base shear was an average of 13% and 3.8%, respectively, greater than the results 
from the time history analysis. These values show that the proposed online resource is a good 
representation of the response of the structure, in regards to the maximum displacement and base 
shear and therefore appropriate for use. As for the fixed-base results, the maximum displacement 
increases along the height of the structure. For the base shear of the fixed-base structures, cases that 
had identical dimensions but different fundamental periods showed that the base shear was 
different. This is because to calculate the base shear the fundamental period of the structure is taken 
into account. 
As for the force distribution results, the online resource utilizes a conservative adaptation of 
the simplified method from ASCE 7-16 [2]. However, this was deemed reasonable, and this means 
the structure would be over designed if the user uses the information. This is discussed further in 
Chapter 8.  
The drifts showed that the base isolated structures would most likely not experience any 
damages, whereas the fixed-base structures would experience minor cracking and splitting in the 
exterior and interior walls. Furthermore, when the fixed-base and base isolated cases are compared, 
the results show base isolators significantly decrease the KPIs (i.e. improved performance). The 
average absolute acceleration, drift, and base shear experienced by the structure decreases by 81%, 
79%, and 68%, respectively. These results show that base isolation is beneficial to install in 
residential structures in Canada and that the developed online resource provides reasonable 
predications of the isolated structure’s performance. Additionally, the time history analysis 
validated that the proposed online resource outputs design parameters that represent the response 
of the structure appropriately. 




CHAPTER 7  
RECOMMENDATIONS AND ADDITIONAL PROVISIONS 
7.1  Integration of the Proposed Methodology 
In order for the proposed online resource to be effectively implemented in Part 9 of the 
NBCC [1] and put into practice there are additional provisions that need to be included as well as 
other areas of development. This chapter discusses the manufacturer requirements and 
recommendations to develop a pre-approved isolator for residential structures, provisions that 
should be included in Part 9 of the NBCC [1] to enable base isolation and recommendations for the 
proposed online resource development and improvement.  
7.1.1 Manufacturer Provisions and Recommendations 
Presently, for structures to use base isolators for earthquake damage prevention, the selected 
isolator has to undergo vigorous testing to comply with the NBCC [1]. This testing requires that 
two full-size specimens of all predominant type and size be tested. This includes the individual 
isolators, separate supplemental damping devices, and separate sacrificial wind-restraint systems 
(Part 4 Clause 4.1.8.20(4)) [1]. Additionally, the force-deformation characteristics and damping 
value of a representative sample of the isolator unit that will be installed must be validated by tests 
prior to the installation (Part 4 Clause 4.1.8.20(5)) [1]. It is recommended that manufacturers of 
isolation systems carry out these tests so a pre-approved list can be developed for the use in the 
online resource. This list should be of isolators that users can use for residential structures, 
specifically, and approved and maintained by the National Research Council of Canada, similar to 
other proprietary construction devices.  
Developing a pre-approved list of isolators decreases the time it takes to design the structure 
and the cost of the isolation system. It would be eliminating the need for testing prior to installing 
the systems beyond normal quality assurance. For this list the required information that the 
manufacturer would have to provide are: 
 type of isolator (i.e. elastomeric bearing, friction pendulum bearing, model number, etc.); 
 detailed drawings (showing the size of the isolator, the shape, etc.) and installation 
instructions; 




 the horizontal stiffness and damping functions of the isolator; and 
 the maximum displacement of the isolator. 
In addition to the required information above, the manufacturers should provide how the 
isolator properties change over time (i.e. aging) and maintenance requirements, if any. This is 
because the user should know that the properties change over time and that it should be accounted 
for in the future. A possible way to combat this is for the manufacturer to provide both functions, 
initial and aged properties, for stiffness and damping and the online program checking both 
functions and providing the worst-case scenario to the user in order to design a safe structure. 
7.1.2 NBCC Provision Recommendations 
For residential structures to be successful with base isolation technology as part of Part 9 of 
the NBCC [1], additional provisions need to be considered in the construction of these structures. 
Additionally, prior to the proposed online resource being available to contractors and consulting 
firms, the users need to be educated on how the resource works and what the variables and new 
provisions mean. This is to ensure that they understand if the values are reasonable and correct. 
The homeowner also needs to be educated to ensure that they do not unintentionally negate the 
benefits of the isolation system. These provisions include, but are not limited to: 
7.1.2.1 Obstructions and Installation 
During an earthquake, the structure will translate horizontally. The online resource 
developed in Section 5.1 outputs a maximum displacement of the structure if it were base isolated. 
To accommodate for this displacement a moat, or seismic gap, around the structure can be built, 
but this is a potentially costly solution. If a moat is installed it should be as wide as the maximum 
displacement. On the other hand, the isolation system can be installed at grade instead of below 
grade to allow for the structure to move freely. Figure 7-1 (a) and (b) show how the isolation system 
would look at grade and below grade, respectively. If the design of the residential structure has a 
basement, the isolation layer must be installed on the basement walls, also either at grade or below 
grade. Furthermore, as discussed in Section 7.1.2.2, no rigid connection can be installed between 
the structure above the isolation layer and the basement level or foundation. On the other hand, if 
the design of the residential structure does not have a basement, footings under all isolators must 
be constructed.  
Regardless, the user must ensure there are no obstructions around the structure. The 




in the structure acting as a fixed-base structure and therefore experiencing more damage. To ensure 
the space around the structure is free from obstruction a factor of safety can be imposed on the 
displacement amplitude. This factor of safety could either be provided by the manufacturer or 
determined by individual municipalities or communities, or through further study to be 
incorporated into the online resource as part of Part 9 provisions. 
 
Figure 7-1: Installation of base isolation system a) at grade and b) below grade 
7.1.2.2 Rigid Connections 
Once the isolation system is installed, no part of the structure can be rigidly connected 
across the isolation layer. If there is something rigidly connected, the effects would be that the 
structure would revert to acting as a fixed-based structure in the event of an earthquake. Therefore, 
anything from piping, electrical wiring, stairs, driveways, etc., cannot be connected rigidly across 
the isolation layer. Instead, they must either be floating (e.g. the stairs can be a few millimeters 
from the ground and/or can be equipped to break away from the structure in the event of an 
earthquake) or have a flexible connection that can accommodate the expected displacements (i.e. 
piping for plumbing can have a flexible fitting between the structure and the ground piping). 
Considering a structure that is designed to have a garage, there would need to be a gap installed to 
ensure that the structure can move freely. However, to connect the garage to the driveway for 
access, a ramp or panel would need to be installed and be able to detach in the event of an 
earthquake. 
7.1.2.3 Rigid Diaphragm 
A rigid diaphragm must be installed above the isolation layer. This is to ensure that the 
weight of the structure can be carried effectively by the isolation layer and that there are no relative 
lateral displacements within the isolation layer during an earthquake which could be very 




carry the load and the deflection must comply to the NBCC [1] and materials standards. If the 
deflection is too large, then more isolators can be installed and/or more supports added in the 
diaphragm. As per Part 9 of the NBCC [1] the maximum span for wooden members is 12.2 m. This 
a relatively long span for wooden members. Therefore, beams that have this span are typically 
special members that are potentially costly. Wood structures are typically assumed to have a 
flexible diaphragm, so cost effective ways of constructing a rigid diaphragm need to be developed. 
A rigid diaphragm must be installed if standard shapes and sizes are used for the isolators (i.e. 
square or circular). Whereas, there is the potential to use rectangular strip isolators, as mention in 
Section 2.2.1. With a rectangular strip isolator, the entire load of the wall can be supported directly 
by the isolator. The rectangular strip isolators are beneficial in both new construction, but especially 
in retrofitting of residential structures, because they are cost effective. [22] 
7.1.2.4 Location of Isolators 
For stability, when choosing the number of isolators that are installed in the structure, at 
least four must be used. This minimum number of isolators, required for symmetry, can only apply 
to simple shaped structures (i.e. square or rectangle). If more isolators are required, the isolators 
should be installed in a gird pattern to minimize the torsion effects. This is because it makes the 
structure doubly symmetric (i.e. symmetric in both the x-direction and y-direction) and for 
constructability a grid pattern is much easier. Placing the isolators as far away as possible from the 
geometric centroid should also be done to maximize the lever arm thereby reducing the force on 
each isolator due to torsion. As mentioned in Section 7.1.2.3, the maximum span for the wood 
beams is 12.2 m. Therefore, the isolators should not be placed more than 12.2 m apart in a gird 
pattern. 
Examples of the locations of the isolators for simple shaped structures (four, six, and twelve 
isolators) are shown in Figure 7-2 to Figure 7-4. Also, Figure 7-5 shows where the isolators would 
be located, as an example, for an irregular shaped structure. It shows where the isolators should be 
located if the span between two columns is greater than 12.2 m. Note that Figure 7-5 is only an 
example and this shape should be further investigated for where the isolators should be placed for 





Figure 7-2: Location of isolators (4 isolators) 
 
Figure 7-3: Location of isolators (6 isolators) 
 





Figure 7-5: Location of isolators (L-shaped, 10 isolators) 
7.1.3 Online Resource Development 
In future studies, additional checks and inputs need to be added into the developed online 
resource to make it more robust. Examples for potential improvements to the program include: 
7.1.3.1 Geometry 
Currently, the online resource considers only regular and simple shaped structures (i.e. 
square and rectangle), but other irregular shapes should also be considered (i.e. L-shaped structures, 
or structures with different floor plans on different storeys). This is because many residential 
structures in Canada consist of a garage which protrudes from the structures, forming a L-shape. 
Therefore, using the maximum wooden spans (i.e. 12.2 m), symmetry, and grid pattern, the online 
resource should output the preferred placement of the isolators to limit torsional effects and provide 
guidance to the user as well as allow the user to input more complex geometry.  
7.1.3.2 Torsion Effects 
Torsional effects should be further investigated to be considered in every residential structure 
when designing for base isolation. This is because in the event of an earthquake the structure can 
move non-laterally and essentially twist on the base isolators. Although torsion can be minimized 
by locating the center of mass at the same location as the center of rigidity, some level of torsion 
will always occur, which is known as accidental torsion. A structure can be severely damaged by 
torsion if it is not properly designed. To consider torsion for the residential structures, the online 




with the NBCC [1]. These equations increase the maximum displacement of the isolation layer to 
account for the contribution of torsion. 
7.1.3.3 Isolator Properties 
In addition to the pre-approved list of isolators that will be developed, the stiffness and 
damping functions for aged isolators should be provided. This is important because if base isolators 
are installed in residential structures they will be exposed to environmental elements which change 
the initial properties of the isolators (i.e. the stiffness, damping, and the weight they can carry). 
Therefore, a potential fix for this is to have the online resource output the worst-case scenario 
results from the initial properties or aged properties of the isolator. 
7.1.3.4 Structure Properties 
Currently, the online resource assumes that the stiffness and mass of each storey of the 
structure are equal, but in reality the mass and stiffness of each storey would be different. Therefore, 
the online resource should be developed more to estimate the stiffness of each storey based on user 
defined geometry. Additionally, the average dead load for each storey should be considered which 
affects the force distribution. Therefore, the proposed online resource should account for each 
storey separately for the force distribution and additional parameters. If the stiffness and mass of 
each storey is known the program can calculate a fundamental period. This would be more accurate 
than the general estimates for different types of construction currently used.  
7.1.3.5 Wind Loads 
Another consideration that the online resource should account for is that the isolation 
system should be stiff enough to resist wind loads. Therefore, the initial stiffness of the isolation 
system must be sufficient for wind loads not to be felt by the inhabitants. Any motion perceived by 
the inhabitant can cause discomfort and result in the home being effectively unliveable. 
7.1.3.6 Isolator Loading 
 Another potential consideration that the program should take into account is that the 
isolators in the structure may carry different loads. Currently, the proposed online resource assumes 
that each isolator carries the same load, but in reality, different sections of the structure may require 
the isolator to carry more or less of the total load. This should be further investigated as it may 




7.1.3.7 Soil Conditions 
Currently, Part 9 of the NBCC [42] provides a table with the allowable bearing pressure of 
different types and conditions of soil and rock, which is shown in Table 7-1. As for Part 4 of the 
NBCC [1], soil condition is accounted for in earthquake loading by correcting the response 
spectrum for local conditions. In Part 4, the classification of the soil condition for a particular 
location can be determined using a standard penetration test or shear wave velocity [Table 4.1.8.4.-
A] [1]. This table shows site classification for the type of soil or rock (e.g. Site Class A is hard rock 
and Site Class E is soft soils). The effect that the site class has on the design response spectrum for 
Montreal is shown in Figure 7-6. As the site class goes down the list from hard rock to soft soils in 
the table the design response spectrum increases; this is specific to Montreal, Canada, but most of 
the time different location have the same trend. 
Table 7-1: Allowable bearing pressure for different types and conditions of soil or rock [4] 
Type and Condition of Soil or Rock 
Allowable Bearing 
Pressure, kPa 
Dense or compact sand or gravel – Site Class C 150 
Loose sand or gravel – Site Class C  50 
Dense or compact silt – Site Class E 100 
Stiff clay – Site Class D 150 
Firm clay – Site Class D 75 
Soft clay – Site Class E 40 
Till – Site Class C 200 
Clay shale – Site Class E 300 
Sound rock – Site Class A 500 
 
  






























The online resource does not currently address the soil condition directly. It is assumed that 
the structure is on Site Class C, which is the reference site classification. To consider the soil 
condition, the online resource could assume the worst-case scenario, which would be Site Class 
E, but unfortunately the results would generally be very conservative. If the ultimate goal is to 
reduce costs to increase application of base isolation technology, this assumption is 
counterproductive. A better potential solution would be to have each local municipality provide 
the soil or rock condition or type to determine the site classification. For example, if a structure 
was located in Montreal, Canada, and the typically soil consists of very dense soil and soft rock, 
then the city, or specific suburb, would use Site Class C. This consideration would be a city to 
city, community to community specification. An additional potential solution would be to have a 
geotechnical engineer test the soil or assign a site class based on load carrying capacity as shown 
in Table 7-1. To have the soil conditions addressed in the online resource, the spectral acceleration 
for the specific location would need to be multiplied with the soil condition factor which is 
provided in the NBCC in Tables 4.1.8.4.-B-G [1].  
7.1.3.8 Improvement of the Force Distribution Calculation 
The equivalent lateral force procedure that the proposed online resource utilizes currently 
was found to be conservative and can potentially results in an over designed structure with respect 
to the force distribution. Therefore, this simplified method should be further investigated to develop 
a more accurate representation of the force distribution on a residential structure, similar to the 
response shown from the time history analysis. Note that as the force distribution is not strictly 
required for integration of the online resource with Part 9, and the current provisions are believed 
to be conservative. Thus, this is not crucial to the implementation of the resource. 
7.2 Summary 
Within this chapter provisions and recommendations are outlined for the manufacturers of 
the isolators, the user of the online resource, and for future studies to improve and enhance the 
proposed online resource. The main recommendations that should be done are to develop a pre-
approved list of the isolators that are appropriate for residential structure base isolation. This list 
should provide the necessary information that the online resource uses. Furthermore, provisions 
that should be included in Part 9 of the NBCC [1] are outlined. Such provisions include the location 
of the isolators and where and how they should be installed. Lastly, future studies should be 
conducted to further the developed online resource. Such studies include studying the isolator 




to consider the stiffness and mass of each storey of the structure, wind conditions for the structure, 






CHAPTER 8  
CONCLUSIONS 
A lot of people are unaware that large magnitude earthquakes can affect Canada as much as 
other locations in the world. Canada has two distinct regions that these earthquakes occur with high 
risk of damage, the west coast and southeastern Canada. A majority of Canadians only know of the 
earthquakes on the west coast of Canada, whereas, southeastern Canada is less commonly 
recognized as having high seismic hazards. A vast majority of the structures in Canada consists of 
single-family dwellings (residential structures). To design such structures, Canada provides a 
building code, known as the National Building Code of Canada (NBCC) [1]. Specifically, Part 9 
of this code refers to small buildings (i.e. residential structures). If an earthquake occurs in Canada 
these residential structures are susceptible to damages, including cracking of the exterior and 
interior walls, splitting in the wooden framing of the structure, broken windows and doors, damages 
to personal property, etc., and potentially injury and death. 
To limit the damages that can occur and likelihood of personal injury in the event of an 
earthquake, engineers have developed earthquake protection devices. Such devices include 
damping systems and base isolation. This research looked more in-depth into base isolation for 
residential structures. Base isolation is an effective method to limit or even eliminate damages to a 
structure during an earthquake. The main principle of base isolation is to decouple the structure 
from the ground motions through the use of low horizontal stiffness isolators. Currently, the NBCC 
[1] does not provide a simplified approach for the design of base isolated structures. Instead, Part 
4 of the NBCC [1] provides provisions that require extensive engineering input and costly testing 
of the isolators. On the other hand, the American Society of Civil Engineers standard, ACSE 7-16 
[2], provides a simplified method, known as the equivalent lateral force procedure, to design 
structures for base isolation. Unfortunately, this method is iterative which makes it complex and 
requires an engineer to complete.  
Currently, residential structures rarely utilize earthquake protection measures, such as base 
isolation. The cost to have an engineer design such a system is prohibitive. The purpose for this 
research was to develop a tool to prevent earthquake damages to residential structures that does not 
require an engineer to implement, appropriate for use in conjunction with Part 9 of the NBCC [1]. 
To do this, the equivalent lateral force procedure from the ASCE 7-16 [2] was adapted to comply 
with NBCC [1] requirements. Additionally, simulations of eight model structures were conducted 




First, the ASCE 7-16 [2] procedure was adapted in accordance with Part 9 of the NBCC [1]. 
A simple closed-form solution was favourable so that engineering input would not be needed. 
However, the solution that was obtained was deemed too complex for the intended use and an 
alternative was developed. The solution was to create an online resource to output the variables to 
design the structure. The online resource used the iterative equivalent lateral force procedure 
provided by the ASCE 7-16 [2], but in accordance with the provisions of the NBCC [1]. With user 
inputs and manufacturer provided variables and functions, the online resource outputs the 
maximum displacement, base shear, force distribution, number of isolators required, and the 
efficiency of the isolation system. The user will primarily be interested in the number of isolators, 
maximum displacement of the structure, and the efficiency of the isolators to successfully design 
the residential structure. Table 8-1 displays the information that the user and manufacturer need to 
input the proposed online program. 
Table 8-1: Information the user and manufacturer inputs into the proposed online resource 
User  Manufacturer 
Dimensions of the structure 𝑘𝑀 𝑣𝑠. 𝐷𝑀 function 
Weight classification (normal or heavy weight) 𝜁𝑀 𝑣𝑠. 𝐷𝑀 function 
Number of storeys in the structure  Isolator size 
Isolation type (from pre-approved list)  Load carrying capabilities 
Fundamental period of the fixed-base structure  Maximum displacement of the isolation layer 
 
This developed online resource was validated with a time history analysis of eight model 
structures. To conduct the time history analysis, ground motions were selected and scaled. The time 
history analysis focused on Montreal, Canada, one isolator type and torsion was neglected. The 
results were compared to validate the online resource and the benefits of base isolation for 
residential structures based on selected key performance indicators. The percent difference between 
the online program and time history analysis data showed that the maximum displacement had a 
difference between 11-14%. Whereas, the base shear had a 3.0-4.7% difference. These results 
showed a small percent difference which in turn shows that the online resource was more 
conservative and reasonable for the specific structure and earthquakes considered.  
The interstorey drift was reduced on average by 79% between the fixed-base and base 
isolated structures. This is significant because the drift is related to the damages that the structure 
experiences. The fixed-base cases in this study showed that damages would be present, whereas, 
the base isolated structures would not. The results showed that implementing base isolation into 
residential structures is about 81% more efficient than keeping structures fixed-based with respect 




residential structures. Currently, the online resource uses a conservatively adapted simplified 
method to determine the force distribution. If users apply the force distribution results, a more 
representative approach could be developed. 
If base isolation systems are installed in the residential structures, there are many provisions 
that needed to be further researched and developed so that the manufacturer and the user can 
successfully implement the system. These provisions include guidelines for the manufacturer and 
Part 9 of the NBCC [1], and further development for the online resource. These provisions and 
recommendations are further discussed in Chapter 7.  
The manufacturer provision is to develop isolators appropriate for residential structures that are 
approved and verified by the National Research Council. Therefore, the isolators should be tested 
and the manufacturer should provide the isolator properties (i.e. size, horizontal stiffness, etc.) to 
be used with the developed online resource. The provisions for Part 9 of the NBCC [1] include 
providing guidance on: 
 providing clearance to avoid obstructions and installation of the isolators in the structure; 
 avoiding rigid connections; 
 constructing a rigid diaphragm; and, 
 determining the location of the isolators. 
The provisions and recommendations for the development of the online resource include: 
 expanding house geometry options; 
 including torsion effects; 
 accounting for changes in isolator properties over time; 
 preventing movement due to wind loads; 
 differences in isolator loading; 
 soil conditions; and, 
 improvement of the force distribution calculation. 
For the proposed online resource to be successful in designing a safe base isolated structure 
the above list shows what should be further investigated. In the future the resource should be able 
to consider all these items. Ideally, this online resource will be widely used by anyone who would 
like design their home with base isolation to prevent damages due to earthquakes. Therefore, this 
online resource should output a layout of the location and number of isolators for any geographical 




approved list. If all of the provisions and further developments are considered and the online 
resource is further developed, then base isolation can be implemented into single-family residential 
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1. User inputs necessary 
information, including 𝑥, 𝑦, 𝑧1, 
𝑛, 𝐼𝑇, and  𝑇𝑓. The average 
load, 𝐷 is calculated. 
2. Necessary parameters are calculated 
𝑊 = 𝐷𝑥𝑦(𝑛 + 1) 


















For both the fixed-based and base isolated cases 
 
6. Solve 𝑘𝑀𝑗 and 𝜁𝑗  for 
specified isolator type (𝐼𝑇) 














9. ห𝑇𝑀(𝑗+1) − 𝑇𝑀𝑗ห > 0.001 
 
10(b). 𝐷𝑀(1𝑇𝑀) =
𝐷𝑀(1.15𝑇𝑀) = 𝐷𝑀(0.75𝑇𝑀) 
 
11(a). 𝑇𝑀 ≥ 3𝑇𝑓 & 𝑇𝑀  ≥ 1 𝑠 
 
11(b). 𝐷𝑀 ≤ 𝑑𝑚𝑎𝑥  
 
12. Solve, 






13. Steps 3-12 repeated for the range of 
number of isolators from 𝑁𝑚𝑖𝑛 to 𝑁𝑚𝑎𝑥 . 
14. Results and efficiency and maximum 
displacement graphs are outputted. 
A 
10(a). Steps 3-9 are repeated with a new 
initial 𝑇𝑀𝑗 , based on scaling vector 













Appendix B – Online Program 
%Equivalent Lateral Force Procedure for Base Isolated Structures 







%Dimensions of the residential structure (m) 
x=14; 
y=14; 
z1=2.4; %height of 1 storey (m) 
n=3; %Number of storeys 
  





    F=0.5; %Floor Loads (kPa) 
    R=0.5; %Roof Load (kPa) 
    W=1.2; %Exterior Wall Load (kPa) 
    P=0.5; %Partition Wall Load (kPa) 
elseif ST==2 
    F=1.5; %Floor Loads (kPa) 
    R=1.0; %Roof Load (kPa) 
    W=1.2; %Exterior Wall Load (kPa) 
    P=0.5; %Partition Wall Load (kPa) 
end 
  
%Isolator Type (11,12, 13, 21, 31) 
IT=12; 
  
%Fundamental period of structure 
Tf=0.1; 
    
%Variables (Unchanging/Calculated) 
  
%Calculation of average load 
%Calculation of snow load 
Ss=2.6; %1-in-50 year ground snow load (kPa) 
Sr=0.4; %1-in-50 year rain load (kPa) 




%Calculation of dead load 
    Roof=x*y*(R+S*0.25); 




    Floor=(F+P)*x*y*n; 
    W=Roof+Wall+Floor;%Total weight of the structure (kN) 
    DL=W/x/y/(n+1); 
  
%Damping Information (ASCE provided) 
dampingj=[2 5 10 20 30 40 50]; 
B=[0.8 1.0 1.2 1.5 1.7 1.9 2.0]; 
  
%Numerical coefficient related to type of seismic force resisting 
system 
%ABOVE isolation system 
R=1; 
  
% Scaling Vector 
ScV = [1 1.15 0.75]; %scales the data to verify there are no 





%Number of Isolators(N) 
%size of the isolator (mm) 
if IT == 11; 
    %Isolator 1 - full scale 
    xi=208; 
    yi=304; 
elseif IT==12; 
    %Isolator 1 - half scale 
    xi=104; 
    yi=152; 
elseif IT==13; 
    %Isolator 1 - quarter scale 
    xi=52; 
    yi=76; 
elseif IT==21 || IT==31; 
    %Isolator 2 & 3 - full 
    xi=252; 
    yi=252; 
end  
%Area of the isolator (mm^2) 
Ai=xi*yi; 
  















nPlot = [minN:maxN]; 
  
if minN > 4 || minN == 4 
    minN=minN; 
else 
    minN=4; 
end 
  
for q = minN:maxN 
     
    N = q; 
     
    %Assumption: Period of the isolated structure 
    Tm=1; 
     
    %Assumption: Bm Factor 
    Bm=1; 
     
     
    for mc = 1:3 
         
        Tm = Tm*ScV(mc); %scales the period 
        count = 1; 
        Tmcheck = 10; 
         
         
        %Iterative Tm and Dm calculations 
        while Tmcheck > 0.001 && count < 1000 
            count = count +1; 
             
            %Location Specific Inputs 
            Sa=[0.595 0.595 0.311 0.148 0.068 0.018 0.0062]; 
            T=[0 0.2 0.5 1.0 2.0 5.0 10.0]; 
            i=find(T<=Tm,1,'last'); 
            S2=Sa(i+1); 
            S1=Sa(i); 
            T2=T(i+1); 
            T1=T(i); 
            p=((Tm-T1)*(S2-S1)/(T2-T1))+S1; % Spectral 
acceleration at the isolated structure period 
  
            o=find(T<=Tf,1,'last'); 
            S2f=Sa(o+1); 
            S1f=Sa(o); 
            T2f=T(o+1); 
            T1f=T(o); 
            SaTf=(((Tf-T1f)*(S2f-S1f))/(T2f-T1f))+S1f; %Spectral 
acceleration at the fundamental period of the structure 
             




            m = (S2-S1)/(T2-T1); 
            b = S1-m*T1; 
            Scheck = m*Tm+b; 
             
            %Calculates maximum displacement 
            Dm= ((m*Tm+b)*9.81*Tm^2)/(4*pi^2*Bm); 
             
             
            %lateral stiffness and damping of the bearing 
            if IT==11; 
                kM = 16743*Dm^2-4464*Dm+449.49; %Isolator 1 - 
full scale 
                damping=-115.96*Dm^2-3.0955*Dm+12.472; %fIsolator 
1 -full scale 
            elseif IT==12; 
                kM=33486*Dm^2-4464*Dm+224.74; %Isolator 1 - half 
scale 
                damping=-463.82*Dm^2-6.1909*Dm+12.472; %Isolator 
1 - half scale 
            elseif IT==13; 
                kM=6697.2*Dm^2-446.4*Dm+11.237; %Isolator 1 - 
quarter scale 
                damping=-1855.3*Dm^2-12.383*Dm+12.472; %Isolator 
1 - quarter scale 
            elseif IT==21; 
                kM=13980*Dm^2-3376*Dm+338.13; %Isolator 2 - full 
                damping=-14.127*Dm^2-14.7*Dm+10.148; %Isolator 2 
- full 
            elseif IT==31; 
                kM=15062*Dm^2-3827.5*Dm+385.1; %Isolator 3 - full 
                damping=133.12*Dm^2-35.015*Dm+9.9548; %Isolator 3 
- full 
            end  
           
            %Calculations to determine the damping coefficient 
factor 
            j=find(dampingj<=damping,1,'last'); 
            B2=B(j+1); 
            B1=B(j); 
            zeta1=dampingj(j);  
            zeta2=dampingj(j+1); 
             
            Bm=((damping-zeta1)*(B2-B1)/(zeta2-zeta1))+B1; 
             
            %Calculates the period of the base isolated structure 
            Tm=(2*pi)*sqrt((W/((kM*N)*9.81))); 
             
            %Convergence check 
            Tmcheck = abs(Tm-Tmcheck); 
             
        end 




        TmOut(N,mc) = round(Tm,2); 
        DmOut(N) = Dm; 
        BmOut(N)=Bm; 
        kmOut(N)=kM; 
         
    end 
     
    %checks that all periods are equal at different scales 
    if TmOut(N,1) == TmOut(N,2) && TmOut(N,1) ==TmOut(N,3) 
         
    else 
        error('Multiple answers found'); 
    end 
     
    %Check if Tm is three times that of Tf 
    if Tm == 3*Tf || Tm > 3*Tf 
         
    elseif Tm == 1 || Tm > 1 
    else  
        error('Period of base isolated structure is too small'); 
    end 
     
    %Check if Dmm is at least 2.5H (H being the hight of the 
isolator) 
    if IT==11 && IT==12 && IT==13 
        if  Dm < 2.5*(4*22.35/1000); 
        else  
            error('Maximum displacement too large, use 
manufacturer recommendation'); 
        end 
         
     else IT==21 && IT==31 
        if Dm < 2.5*(4*19.05/1000); 
        else 
            error('Maximum displacement too large, use 
manufacturer recommendation'); 
        end 
    end 
%      
    %Minimum Lateral Forces 
    %Below the base isolation layer (Vb) 
     
    Vb(N)=(kM*N)*Dm; 
     
    %Above the base isolation layer (Vs) 
    Ws=x*y*DL*(n-1); 
    Vst(N)=Vb(N)*((Ws/W)^(1-2.5*(damping/100))); 
    Vs(N)=Vst(N)/R; 
     
    k=14*(damping/100)*Tf; 
     




        w(N,c)=x*y*DL; 
        h(N,c)=z1*c; 
        u(N,c) = w(N,c)*(h(N,c))^k; 
    end 
     
    Wihi(N) = sum(u(N,:)); 
     
    %Vertical Distribution of the Force 
    %Fi=lateral seismic force induced at level 1(base level) 
    F1(N)=(Vb(N)-Vst(N))/R; 
     
    for e=1:n 
        %Vertical distribution factor 
        Cvx(N,e)=(w(N,e)*(h(N,e))^k)/Wihi(N); 
        % lateral seismic force induced at levels about base 
level 
        Fx(N,e)=Cvx(N,e)*Vs(N); 
    end 
  
    % Efficiency Calculation 
    Eff(N) = (1-p/SaTf)*100;  
     
end 
scrsz = get(0,'ScreenSize'); 
SF = 1.0; 










ylabel('Maximum Displacement (m)','Interpreter','latex'); 















Appendix C – 4th order Runge-Kutta Time Stepping Procedure [46] 
The following equations are used to solve the response of the structure to ground motions. 
 𝑦𝑛+1 = 𝑦𝑛 + ℎ(𝑤1𝑘1 + 𝑤2𝑘2 + 𝑤3𝑘3 + 𝑤4𝑘4) C-1 
 𝑘1 = 𝑓(𝑥𝑛 , 𝑦𝑛) C-2 
 𝑘2 = 𝑓(𝑥𝑛 + 𝛼1ℎ, 𝑦𝑛 + 𝛽1ℎ𝑘2) C-3 
 𝑘3 = 𝑓(𝑥𝑛 + 𝛼2ℎ, 𝑦𝑛 + 𝛽2ℎ𝑘1 + 𝛽3ℎ𝑘2) C-4 
 𝑘4 = 𝑓(𝑥𝑛 + 𝛼3ℎ, 𝑦𝑛 + 𝛽4ℎ𝑘1 + 𝛽5ℎ𝑘1 + 𝛽6ℎ𝑘3) C-5 
 
where, 𝑘1, 𝑘2, 𝑘3, and 𝑘4 are the first, second , third, and fourth slopes, respectively, ℎ is the step, 
𝛼 and 𝛽 are constants. Selecting the most commonly used set of values for the parameters the above 
equations yield the below equations. 
 𝑦𝑛+1 = 𝑦𝑛 +
ℎ
6
(𝑘1 + 2𝑘2 + 2𝑘3 + 𝑘4) C-6 
 𝑘1 = 𝑓(𝑥𝑛, 𝑦𝑛) C-7 














 𝑘4 = 𝑓(𝑥𝑛 + ℎ, 𝑦𝑛 + ℎ𝑘3) C-10 
The above equations can be used to solve first-order ordinary differential equations. It can also be 
applied to higher orders, such as the equations of motion, by making substitutions to the following 
equations. 
 𝑦′ = 𝑢 C-11 
 𝑢′ = 𝑓(𝑥, 𝑦, 𝑢) C-12 
 
𝑦𝑛+1 = 𝑦𝑛 +
ℎ
6
(𝑚1 + 2𝑚2 + 2𝑚3 + 𝑚4 C-13 
 
𝑢𝑛+1 = 𝑢𝑛 +
ℎ
6
(𝑘1 + 2𝑘2 + 2𝑘3 + 𝑘4) C-14 
 𝑘1 = 𝑓(𝑥𝑛 , 𝑦𝑛, 𝑢𝑛) C-15 
 𝑚1 = 𝑢𝑛 C-16 
 






ℎ𝑚1, 𝑚2 C-17 
 














ℎ𝑚2, 𝑚3) C-19 
 




 𝑘4 = 𝑓(𝑥𝑛 + ℎ, 𝑦𝑛 + ℎ𝑚3, 𝑚4) C-21 
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